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Abstract 
The interest of this work is to explore the spin dependent effects of 
projectile structure in nuclear heavy ion induced reactions. The 
projectiles are considered to consist of two clusters which remain inert, 
the intercluster wavefunctions are obtained by the use of the orthogonality 
condition model. Excitation to the low lying projectile states is included 
by the use of coupled channels calculations. The projectile excited states 
are included by allowing excitation in the inter cluster wavefunctions. 
Coupling to the excited states is performed by multipole terms arising from 
a single folding model, which is used consistently throughout the work. 
The effects of projectile excitation are considered in two areas, elastic 
and inelastic scattering, and transfer reactions. 
It is found that the inclusion of the projectile excited states has a 
very strong effect on the spin dependent elastic observables, in particular 
the vector analysing powers. In contrast to earlier analysis it is found 
that projectile excitation plays a dominant role in reproducing the 
experimentally observed vector analysing powers for the elastic scattering 
of ｾｌｩ＠ from 16o and 18 si at 22.8 MeV. Projectile excitation is also seen 
to produce strong spin dependent effects in the elastic scattering of 7 Li 
from l'lo Sn at 44 MeV and of l9 F from 28 Si at 6" MeV. 
The inclusion of projectile excitation via CCBA calculations produces 
changes in the transfer cross section for the 28 Si( Ｑ ｾｆＬ＠ 16 o) 31 P(l/2+,g.s.) 
reaction. The observed changes can be understood in terms of the effects 
of spin dependence in the reaction path. The inclusion of projectile 
excitation however does not significantly improve the quality of the 
agreement with experimental data. 
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Chapter .! 
.l..Ll. Information . from . heavy . ion . reactions 
The detailed study of nuclear reaction processes is responsible for our 
present knowledge of nuclear structure and nuclear interactions. Due to 
experimental limitations most of the early reaction data was obtained from 
reactions using light projectiles. More recently it has become possible to 
obtain sufficiently intense beams of heavier projectiles which has produced 
experimental data for reactions induced by a variety of heavy ionst. The 
use of heavy ions as probes enables the examination of aspects of nuclear 
structure not possible with light projectiles. For example multi nucleon 
transfer reactions, which allow us to consider the extent to which nucleons 
correlate and form sub structures within a nucleus. 
If either or both of the participating nuclei in a collision have non 
zero spins, observables in addition to the cross section may be obtained. 
In this thesis only reactions induced by projectiles with non zero spins on 
spinless targets will be considered. In order to experimentally determine 
spin dependent observables using a beam of nuclei in which the spins are 
randomly orientated, it is necessary to perform a double scattering 
experiment. 
t[ This term is used to describe projectiles with a mass greater than 
an alpha particle ] 
2 
Such experiments suffer from the problem of low detected intensities. If 
however the spins of the incident nuclei within the beam are oriented in a 
non random manner, referred to as a polarized or aligned beam, a single 
scattering experiment is sufficient to determine spin sensitive 
observables. Recent advances in experimental techniques have led to the 
advent of polarized beams of heavy ions; the earliest example being for 
lithium isotopes [ We 76 ] at center of mass scattering energies of about 
20 MeV. 
1.1,1 Magnitude .of .spin.dependence 
In a discussion of the spin dependence of heavy ion induced reactions 
simple considerations suggest that elastic scattering will involve little 
spin dependence in comparison with nucleon and light-ion scattering 
[ Gl 79 ]. The spin dependence of a nucleon scattering from a spin zero 
ｾｾ＠
target nucleus arises from the familiar l.U spin orbit force. Thought of 
in terms of the individual nucleon nucleon interactions, the only non 
ｾ＠ ｾ＠
vanishing contribution to an l.I interaction between an incident nucleus of 
ｾ＠
spin I and a spin zero target comes from the unpaired nucleons, which form 
a small fraction of the total number of nucleons A. When such pair wise 
interactions are averaged over the ground state of the projectile a 
resultant i.r interaction is produced. This interaction is smaller by a 
ｾｾ＠
factor of n/A as compared to the nucleon target ＱＮｾ＠ interaction, where n is 
the number of unpaired nucleons. 
Experimental data obtained with polarized beams, together with less 
direct information about the spin dependence of the nucleus nucleus 
---- . 
3 
interaction such as spin flip measurements [ Du 79, Ta 81, Ch 83 ] and 
reaction asymmetry measurements [ Wu 79 ] suggest that, contrary to these 
simple arguments, the spin orbit interaction for heavy ions scattering is 
not small. Rather they indicate that the magnitude of the nucleus nucleus 
spin dependence is comparable to that observed in the nucleon nucleus 
interaction. Since the qualitative arguments, which are supported by 
detailed folding folding model calculations [ Am 76, Pe 78, We 76, BO 79, 
Ni 84 ], fail to agree with the observed data there must exist, as part of 
the reaction process, other mechanisms that contribute a spin dependence in 
addition to that of the usual l.I force discussed above. 
ｾ＠ Projectile .Structure .Effects 
An important property of heavy ions is that they possess internal 
structure; such ions are therefore capable of supporting excited states. 
There is convincing evidence [ Bu 77, Lo 82 ] that many of the qualitative 
features of the nuclear structure of light nuclei can be understood if we 
consider the nuclei to consist of two or more elementary clusters. This · 
cluster model provides a good description [ Wi 77, Fu 80 ] of the 
projectiles dealt with in this thesis, namely &Li, 7Li and ,,F. These 
projectiles will be regarded as consisting of alpha + deuteron clusters for 
0 Li, alpha+ triton clusters for 7 Li, and Ｇｾｯ＠ +triton clusters for ''F. 
All ground state and excited state wave functions for the projectiles will 
be obtained within the cluster model. For any heavy ion induced reaction 
in which the bombarding energy is sufficiently high transitions to these 
excited states may be caused as part of the direct reaction mechanism. In 
this thesis attention will be focused on the effects upon the calculated 
4 
reaction observables produced by coupling to such projectile excited 
states; in particular the spin dependence arising from such excitations 
will be considered. Within the simple cluster model picture, the mechanism 
of projectile excitation will be introduced by allowing excitation in the 
wave functions describing the relative motion between the clusters 
representing the projectile; the clusters taken to comprise the projectile 
remain inert throughout the interaction. 
It has been shown [ Ni 84 ] that the spin dependent observables for the 
elastic scattering of 6 Li and 7 Li from 5$Ni at center of mass energies in 
the range 13 to 20 MeV can not be reproduced using folded spin dependent 
forces alone. This work showed that the inclusion of projectile excitation 
was essential in reproducing, both in sign and magnitude, the spin 
dependent observables. The purpose of the present work is to apply the 
ideas presented in this reference to the study of other reactions in order 
to test their general validity [ Cl 79, Oh 82, Tb 83 ]. 
The large projectile mass in heavy ion induced reactions results in the 
associated de Broglie wavelengths being short in comparison with the sizes 
of the colliding nuclei, hence semi-classical ideas assume an important 
role in the description of such interactions. In the light of this, semi 
classical ideas will be used in section 3.3 to offer a qualitative 
description of the spin dependence arising from the mechanism of projectile 
excitation. Semi classical arguments are convenient for visualising and 
describing, at least in general terms, observed reaction data. The quanta! 
nature of nuclear reactions however requires that for a direct comparison 
with data detailed quantum mechanical calculations should be used. 
5 
ｾ＠ Soqpe .of .this .thesis 
A number of different reactions can occur when two composite systems 
interact. The interest here is centered on reactions referred to as 
direct. A precise definition of which is rather difficult 
[ Au 70, Sa Ｘｾ＠ ] • A reaction is usually termed direct when there is good 
overlap between the wave functions of the incident and exit channels. In 
this situation the collision can occur guickly and with a minimum of 
rearrangement of the constituent nucleons. Inelastic projectile excitation 
may usefully be described as a direct reaction, provided one is careful 
about the manner in which the projectile is described. The effect of this 
excitation mechanism will be considered in detail for the following 
reactions, where the references refer to the experimental data for the 
reactions considered: 
1) The elastic scattering of 6 Li from ;)$ Si and from 16 0 for the 6 Li 
incident at 22.8 Mev, [We 76 ]. 
2) The elastic scattering of 7 Li from l:ao Sn at 44.00 MeV, and the 
inelastic reaction 110 Sn ( 7Li, 1 Li'"' (1/2- ,.0 .48 MeV) ) a:losn, [ Tu 85 ] • 
3) The elastic scattering of let F from 28 Si at 60.00 MeV, [ I<u 77 ] • 
4) The three nucleon transfer reaction 28 Si ( 1" F, tb O) 31 P leading to the 
residual 31 P states ( 1/2+, g.s. ) , ( 3/2+, 1.27 MeV) and ( 5/2+, 2.23 
MeV ) , for the l<f F incident at 60.00 MeV, [ I<u 77 ] • 
Elastic scattering clearly satisfies the criterea of a direct reaction 
6 
since, except for the possibility of the reorientation of the spins of the 
participating nuclei, the reaction can occur without any rearrangement 
taking place. 
There are a variety of ways in which the transfer of three nucleons can 
occur, the simplest of which is the transfer of the three nucleons as a 
correlated cluster in a one step process. The ejectile cross sections for 
reactions which are dominated by such direct stripping processes tend to be 
forward peaked; we may therefore be guided by experimental data as to the 
relative importance of direct mechanisms over compound events in which the 
ejectile has no "memory" of the incident conditions. Given that such a 
reaction is dominated by a direct process it is possible to describe the 
reaction within a formalism in which few degrees of freedom are involved. 
The most straightforward way is to use cluster representations for the 
projectile and residual nuclei, the reaction occuring as the transfer of a 
valence cluster, assumed to remain inert, between them. Multinucleon 
transfer reactions which are dominated by a direct one step reaction probe 
the extent to which the participating nuclei contain clusters as well 
defined groups. 
Observables that may be measured using a beam of projectiles with spin 
I are defined in section 1.2. The cluster model which will be used 
consistently throughout this work to describe the projectiles will be 
discussed in section 1.3. The formalism for elastic scattering, including 
the effects of projectile excitation will be developed in chapter 2. The 
folding model which will be used to obtain the potentials acting between 
the colliding nuclei will also be developed in this chapter. Chapter 3 
will present the results of the elastic and inelastic reactions considered, 
..... - ---··---- -----, 
and will offer interpretations of the results. The models and formalism 
used to describe the transfer reactions via a single step will be developed 
in chapter 4. The effects of projectile excitation on the transfer 
reactions will be the subject of chapter 5. Finally, chapter 6 will 
present some concluding remarks on the role of projectile excitation in 
describing the spin dependence of nuclear heavy ion induced reactions. 
ｾ＠ Qbservables 
In any direct reaction initiated by a polarized beam it is possible to 
measure simultaneously not only the cross section, as a function of angle 
between the incident and outgoing directions, but also the sensitivity to 
the incident beam polarization. The polarization state of a beam is most 
conveniently described in terms of the density matrix formalism [Fa 57], 
defined as an expansion in terms of normalised states 
= { n >< "' l 1 -1 
with PA being the probability for finding the state In>. A collection of 
particles such as a beam is a mixture of pure states, and the density 
operator thus contains the statistical information about the relative 
probabilities of finding each of the pure states. The states In> can be 
expanded in terms of the complete set of states ｬｩｍｾ＾＠ as 
I " > = 1-2 
Hence the density matrix can be written 
1-3 
-------------------------------- -··· -· · . .. 
8 
where 
1-4 
The density operator may be used to obtain the expectation value of an 
operator through the relation 
1-5 
where Tr is the trace of the resulting matrix; in practice the incident 
density matrix is often normalised to unity. The polarization of the 
incident beam can be described in terms of the irreducible tensor operators 
ｩｫｾ＠ which are defined through the relation 
,... 
< I M:r' I {;/{'V(I) I I M!. )> = k(IMI Rq,l I ｍｾＩ＠ 1-· 6 
where k , known as "stat k" and equalling (2k+l) 'h will be used throughout 
this work. The "'rk<J.o(I) form a complete set of operators in (2!+1) by (2!+1) 
spin space. They are orthogonal, satisfying 
1-7 
By construction they transform under rotations as a tensor of rank k. 
Their Hermitian conjugates satisfy 
1-S 
In terms of these operators the density matrix can be expanded as 
t (:r.) = 1-9 
where the ｴｒｾ＠ are the tensor moments of the beam, they serve to specify 
its polarization, and may be obtained by inverting equation 1-9. 
1-10 
9 
.L2...l Analysing . powe-rs 
The sensitivity of the outgoing cross section to the incident 
polarization may be described by the analysing powers of the reaction. The 
analysing powers ｔｒｾＧ＠ referred to the Madison convention coordinate system 
ｾ＠ ...:II ｾ＠
Ba 71 ] , with z along kin and y along k,n 1\ kov£: are defined throu.gh 
1-11 
Where the reaction amplitudes f(9) will be defined for the elastic and 
inelastic reactions in section 2.2, and for the transfer reaction in 
section 4.2. The T ｾｳ｡ｴｩｳｦｹ＠
1-12 
The cross section measured by a spin insensitive detector for a polarized 
beam is defined as 
ｾ＠ J == ｬｙ｡Ｈ･ＩｾＩ＠ [r + i. tk. -rk* (I) 1 
o..O.. PoL k.cy 'J, 't- ) 1-13 
where the summations are over the ranges ｬ＼ｫｾＲｉ＠ and -k<g<k. The 
differential cross section ｾ＠ ( 9 , ｾ＠ ) is the cross section for an 
unpolarized beam, defined through 
1-14 
The main interest of this work is concerned with the effects of first 
rank, vector, forces. There is a strong correlation between the rank of a 
force and the corresponding observable [ Ho 714]. The constraint of parity 
- Ｍ ＭＭＭ ＭＭ Ｍ ＭＭＭＭＭＭＭ Ｍ ＭＭＭＭＭＭ ＭＭ ｾ＠
- 10 
conservation ensures that the first rank effects are decribed by the 
single, purely imaginary, quantity T 11 (9). The first rank observable 
considered will be the real vector analysing power, iT H ( e ) • The 
constraints of time and parity invariance allow three independent second 
rank observables, defined within the Madison convention as ｔｾ＠ , ｔｾ Ｑ＠ and 
T21 • These second rank observables will be considered for the 7 Li + 'ao Sn 
system for which data exists [ Tu 85 ]. In order to compare the 
calculations with the available data the quantities 
be used where 1 T
10 is defined through the relation 
ｾ＠ Cluster .Model 
T T20 , T l\ and T10 will 
De 78, zu 80, Mo 82 ]. 
1-15 
Many of the quantitative features of nuclear structure can be 
understood by considering the nuclei to consist of clusters, for example 
[ Wi 58, Ar 67, Ar 70, Ar 72, Ik 66, Fu 79, Ar 84 ]. A precise way of 
describing such a nucleus in which antisymmetrization of, and between, the 
clusters can be explicitly dealt with is the resonating group method, or 
RGM [ Gi 75, Wo 75 ]. This is often reduced to the form [ Bu 77, Fr 77] 
1-16 
where E c is the separation energy of the clusters, V c is a local potential, 
often obtained from a folding model, and Tc is given by 
- 1;?. v:. 
- r 
2fA 
= 1-17 
where r is the coordinate between the clusters. A is a projection 
operator, which ensures that the nucleons within the clusters do not occupy 
states that are blocked by the Pauli exclusion principle. 
- 11 
1.3.1 Orthogonality .Qondition .Model 
The RGM formalism can be simulated by using a deep potential to bind 
the clusters and discarding the low lying states which approximate the 
blocked states, corresponding to the replacement of the RGM by the 
Orthogonality Condition Model, or OCM, [Sa 69, Sa 73, Fr 77 ], The OCM 
may be obtained from the RGM theory by the use of the WKB approximation 
[Ao83]. 
A characteristic feature of heavy ion reactions is the dominance of a 
strong absorption of the incident ions. As a result of this the reactions 
tend to be dominated by impact parameters between the colliding nuclei that 
correspond to grazing collisions. These orbits are particularly sensitive 
to the long range parts of the interaction and hence to the structure in 
the surface regions of the participating nuclei. Within the cluster model 
the surface of the projectile corresponds to the tail of the intercluster 
wave function, the functional form of which is fixed by the separation 
energy and orbital angular momentum between the clusters. The 
normalisation of the tail however remains undetermined and will be 
dependent on the details of the nuclear interior. It can be deduced by 
considering the r.m.s. radius, which is dominated by large cluster 
separations, for the nucleus under consideration. Provided this quantity 
is in agreement with experimental data, the part of the projectile wave 
function to which the reactions being considered are most sensitive is well 
determined. The internal considerations necessary to fix the tail are 
accounted for by the OCM. This dependence on the tails of the inter 
cluster wave functions also implies that the regions in which the OCM 
approximation is less valid, that is when the clusters overlap 
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considerably, is not probed. 
The OCM cluster model wave functions for the projectile nuclear states 
may thus be expressed in terms of their angular momentum properties as 
ｾｉｾｘｃＩｾＬＮＱＬｯＭＩ＠ ｾﾢｲ｟ＨｊＺ｣Ｉ＠ ¢j::xji( ｑｭｾｓｭｳｬ™ｲＩＨ＠ 9Q9i(r} ｾｍ＠ (;;) xsm[ C)) 
1-17 
where I, M:r are the projectile spin and its z component repectively1 1 is 
the intercluster orbital angular momentum with z component mt and s, ms 
are the valence cluster's spin and z component. ＨｬｭｴｳｭｾｊｲｾｾＩ＠ is a vector 
addition, or Clebsch Gordan coefficient [ Br 71 ]. The intrinsic internal 
cluster wave functions ｾ＠ ( x . ) will be seen to be unimportant within the >'t (, 
context of the models used to describe the reactions considered. The 
radial forms of the inter cluster radial wave functions, denoted by 
ＤＶｾＨｲ＠ ), thus remain to be determined, and are considered below for the 
projectiles studied. 
The energy levels for the nuclear states considered are shown in figure 
1 .1, together with their angular momentum and parity assignments. Also 
shown are the relative orbital angular momenta between the clusters for 
each of the states considered, these values are discussed below for the 
nuclear states considered. 
- --- -- -- --
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ｾ＠ Lithium.6 
The shell model prediction for 6 Li is for four nucleons to be in 0 s 
states and two in 1 p states with respect to the centre of mass of the 
nucleus. The "Li clusters are in 0 s states with respect to their centres 
of masso Within the oscillator model the energy of a nucleon, i, is equal 
to (2nL +lt) 11():), where (J) is the oscillator constant, ni. is the number of 
nodes in the wave function, and lL is the orbital angular momentum of the 
ith nucleon. The energy of a nuclear state is thus given by 
t\ 
E = 2.. ( J. n.L + ii) t_ W 1-19 
ｾ］Ｈ＠
where n is the number of nucleons in the nucleus. 0 Li thus has two quanta 
of excitation arising from the two nucleons in the p states. Since the 
clusters in ｾｌｩ＠ have no internal excitation quanta the intercluster wave 
function will be required to have 2 nuJ excitation quanta. Within the 
cluster model these quanta are distributed in the same manner, according to 
1-20 
where n is the number of nodes in the inter cluster wave function, and 1 is 
the orbital angular momentum between them. 
The ground state of bLi has J"lf = 1 + , and since the t>{ cluster has 
J 1r = 0 + and the deuteron has J 1t" = 1 ..._ the intercluster wave function can 
be formed with 1 = 0 and 1 = 2. The 1 = 2 component is very small 
[ Ni 84 ] and would be expected to contribute mainly second rank tensor 
forces, and hence will be ignored in these calculations. The ground state 
of "Li is therefore considered to be in a pure s state with one node. The 
intercluster wave function is then obtained by binding a deuteron to an ol 
... - -----------------; 
- 15 
cluster, with the clusters represented only by their gross properties, such 
as charge and mass. The potential chosen to bind the clusters, appendix A, 
has a geometry similar to that of a microscopic calculation [ Ha 67, 
Br 68, Ku 72 ]. The well depth is treated as a parameter, varied to 
produce the correct separation energy of the clusters. The radial function 
can most conveniently be obtained by defining 
1-21 
OJ(r ) can be obtained as the solution of 
1-22 
by integrating out from the origin, in the presence of the potential and 
matching to a Whittaker function [ Ab 70 ]. The commutation of the 
potentials V StncL (r) and VCou.L (r) with r has been used in obtaining this 
equation. 
ｾｌｩ＠ has in addition to its one bound state a triplet of 1 = 2 
resonance states which, within the cluster model, can be viewed as a spin 
orbit split triplet. The radial form for these states can be obtained by 
solving the local Schrodinger's equation 1-16 for the scattering of a 
deuteron from an alpha nucleus at the resonance energy using real 
potentials only, formed as a sum of repulsive Coulomb and centrifugal terms 
together with an attractive well with the same geometry as the ground state 
potential. 
[ 
-1; '2. [d. 2 _ .R ( 1? +I) l + V ｣ｾｾ＠ + ｖ｡ｴｾＩ＠ - f f<es] U R ( r) ｾｴａ＠ clr,. t":z. J .::::0 1-23 
where 1 = 2 for the excited states considered and the Coulomb potential is 
defined in appendix A. The binding potential V(r), given in appendix A, is 
... .. ·- ····- - -·-- - ----; 
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short ranged in nature. OUtside this potential 1-23 becomes 
｛ｾｾ Ｒ＠ ｛ｴｲｾＭ ｊＨｲｾＫｬＩ｝＠ + ｾｯｊｲＩＭｅｒｅＮｳｬ＠ U/r) "' 0 1-'24 
The solutions of this differential equation are the Coulomb functions 
F.2 (kr) and G 1 (kr) [ Ab 70 ] • 
These may be combined to form incoming and outgoing Coulomb waves 
It (kr) and o1 (kr) according to 
1-25 
with the incoming waves being the complex conjugate of the outgoing ones. 
Asymptotically we require the condition that there are only outgoing wave 
components. The inclusion of the short ranged binding potential V(r) 
introduces a phase shift into the asymptotic solution 
1-26 
The well depth of the attractive potential is then adjusted to give a phase 
shift ｣ｯｾ＠ of 1f /2 for the 1 = 2 partial wave at the resonance energy' taken 
to be the mean energy of the resonant state. The radial form of these 
states resemble long range bound states with oscillating tails. To 
facilitate the evaluation of matrix elements and to give simply 
normalisable wave functions, the radial functions are smoothly matched on 
to exponentially decaying tails. Also, to avoid undue complexity in the 
subsequent calculations, the three excited states were taken to have the 
same radial parts. 
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ｾ＠ Lithium.? 
The ground (3/2-) and first excited state (1/2- ,0.48 MeV ) of 7 Li can 
be formed by taking the triton cluster, with s = 1/2, to be in orbit around 
the alpha core with 1 = 1. From equation 1-19 7 Li has f (2nr:. + ll.) = 3 and 
since the alpha and triton clusters have zero excitation quanta the 
intercluster function is required to have one node. These states are both 
bound. The relative functions ｾＮｦＮ＠ (r ) can be obtained as the solution of 
equation 1-22 according to the techniques outlined there. 7 Li has two 
resonance states, ( 7/2-,4.63 MeV) and ( 5/2-,6.68 MeV). These can be 
taken as 1 = 3 states. The radial functions ｾｌ＠ (r) were taken to be the 
same for both of these states, the functions being obtained in the same 
manner as ｴｨ･ｾ＠ Li resonance states. The binding potentials, given in 
appendix A, were chosen to represent microscopic calculations [ Ha 67, 
Br 68 ], with the well depths treated as variational parameters. 
,LJA Flourine.l9 
The ground state of Ｑ ｾ＠ F has J 1r = 1/2 ... , since lfl> 0 is 0 .,.. and a triton 
1/2 + this state can be represented by a triton in an 1 = 0 state about the 
Ｑ ｾ＠ o core. The contribution to the total energy of the 1qF ground state 
comes from the nucleons forming the Ｑ ｾＰ＠ core and from the three remaining 
nucleons which are in the sd shell above the Ｑ ｾＰＮ＠ Since the former are 
common to both descriptions, and the nucleons in the triton are in 0 s 
states, the relative wave function between the clusters is required to have 
Ｖｮｾ･ｸ｣ｩｴ｡ｴｩｯｮ＠ quanta. For an s state the relative wave function is thus 
required to have three nodes. The lowest lying excited states of Ｇｾ＠ F are 
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( 5/2-r, 0.20 MeV) and ( 3/2+, 1.55 MeV), these are taken to be purely 
1' = 2 states. From the constraint 2N + L = 6 these are required to be 2D 
states. 
The relative wave functions can be obtained in the same manner as that 
used for the ground state of 6 Li. The attractive well used to bind the 
cluster is given in appendix A, the geometry being chosen to reproduce the 
r.m.s. radius for the ground state and the depth being adjusted to give 
the correct separation energy of the triton cluster. The value obtained is 
in good agreement with that published elsewhere [ Bu 77 ]. The same well, 
together with a small spin orbit potential reproduces the energy levels of 
the excited states under consideration, and gives good agreement with the 
observed electromagnetic transitions between these levels and the ground 
state [ Bu 77 ]. 
1.3.5 Ehosphorous.31 
In order to perform the transfer reactions to be considered in chapters 
4 and 5 the bound state wave functions for the residual nuclear states are 
required. Similar considerations to those of the 1q F case lead to 
2N + L = 6. Since the triton has zero excitation quanta the ground state 
( 1/2+) is taken as a 3 s state, and the two excited states, ( ＳＯＲｾＬＱＮＲＷ＠
MeV ) and ( 5/2+, 2.23 MeV ) as 2 d states. The bound state wave functions 
for 31 P were obtained in the same manner as those for l'f F. The functional 
form of the binding potential, and its parameters are listed in appendix A. 
The values chosen represent a "conventional•• choice, and were selected so 
that the residual nuclear wave functions would be in agreement with 
- 19 
previous work on the transfer reactions [ Ku 77 ]. 
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Chapter .2 
ｾ＠ Projectile .excitation 
With the assumption that the projectile consists of two well defined 
clusters which remain inert, the interaction of the projectile and target 
is a three body problem. Due to the presence of an infinite ranged Coulomb 
potential between each of the three bodies, and the large number of partial 
waves that contibute to heavy ion reactions, the problem cannot be solved 
directly by such techniques as Faddeev equations, for example [ Ei 72 ] and 
references therein. Instead the method of Coupled Channels, see for 
example [ Ch 58, Ja 70, Ho 7lb>Ei 72, Sa 83 ], will be employed. 
ｾ＠ Initjal Boundaty .conditions 
Initially when the colliding nuclei are very far apart the wave 
function for the entire system can be written as the product 
ｾ＠ "" (xT, ｾｰ＾＠ j( ,R) = ¢T(xr'> ¢iM (:x:r) X (1(, R) 
,. r I. n :r: :r. 
2-1 
where the wave function is labelled by the incident conditions and the 
relative scattering function, in the absence of Coulomb forces, is a plane 
wave. 
ｾ＠ --4 
«.. k. R. 
- e 
ｾｾ＠
The total wavefunction 'f (:X.,. )'X.r) KJ R.) is required to be a 
Tp T.M:I. 
2-2 
------ ------------, 
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solution of the time independent Schrodinger equation for the entire 
system., 
2-3 
where E is the total energy and the Hamiltonian H is a sum of the 
Hamiltonians for the two isolated nuclei, together with an interaction 
Hamiltonian between them. 
H = H T + H p + H 1:"t 
The isolated nuclei will satisfy the equations 
( H -r - E T ) cp T ( XT) =- 0 
(Hp- Ep) lfr (.xf) = 0 
where _EP(T) is the binding energy for the ground state of the projectile 
(target). The interaction Hamiltonian consists of a relative kinetic 
energy operator and a potential energy term. 
2-4 
2-Sa 
2-Sb 
2-6 
The effect of the interaction potential will be to introduce outgoing 
spherical waves. For clarity we first consider the case where ｴｨ･ｲ･｡ｲｾ＠ no 
explicit inelastic excitation or spin dependent forces acting. In this 
case the interaction depends only on the radial separation of the colliding 
nuclei, and the wave function can be written, for large R, as 
(;-) ( k ｾＩ＠ ¢. ｾｰ＠ [ LK.R fl. A.) ikRJ 
'1\IM
1 
xP, xT, , R - T(xr)'t':x:M/xr) e + 1e,.,... e rz. 2-7 
The (+) sign indicates the choice of boundary conditions as an incident 
----------------------------------------------------------· --- .. 
! 
- 22 
plane wave plus outgoing spherical waves. The colliding nuclei however are 
charged bodies. The Coulomb potential between them, being infinite in 
range, alters the form of the asymptotic solutionv Assuming however the 
nuclei to be spherical charges the wave function can still be written in 
• • ..:.. ....J. -\ the form of 1nc1dent and scattered waves as, to order (KR-K.R) 
where the Coulomb scattering amplitude ｦｵｾｾＹＩ＠ is 
f; (e) "' e -i.'ll...( sL"l-{ef2.)) ... 2L<r0 
Co..! (,)_ k .5!2 'l. (B/2)) 2-9 
where ? is the Sommerfeld parameter 
2-10 
Z PCi) is the charge of the projectile (target}, e the charge of a proton 
and K the asymptotic wavenumber; K=(2rE) 111 /t1 with f the reduced mass of 
the projectile,r =mpmr/mp+mT in atomic mass units. ｾ＠ is the Coulomb phase 
shift 
r ( r *t L + crt) 2-11 
for L=0, withr(z) the gamma function for complex argument [ Ab 70 ]. 
ｾ＠ Inclusion.of .Inelastic .Channels 
Although in isolation the two nuclei will be in their respective ground 
states, the interaction between them may induce transitions to other 
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eigenstates p 1 "T 1 satisfying equations 2-5 a and b with eigenenergies E 1 p 
I E1 • There also exists the possibility of either of the two nuclei being 
broken up. 
The total wave function of equation 2-1 may then be written as 
(+) ( ｾ＠ ｾＩ＠ L ¢ pi Tlp':xj TpJ: """"' --
LV Tp.,. M X P) x T > k) R = I T'( x T ) ¢...,. 'M ' ( xp) X.M 'M ( I< > R) 1 
• J: T ｰＧｬＧｍｾ＠ ""'" .x x. :t 2-12 
where the summations include the respective ground states, and include 
integrations over configurations corresponding to break up of the 
participants. 
The summations over the projectile degrees of freedom have been 
separated for later convenience. The summation over T' implicitly includes 
sums over any target spins. Asymptotically the wave function 
'fc+> ( x :x:. ')k>R) has the incident conditions of 2.2, but supplemented by 
T p "I.M:t P, T 
outgoing waves corresPonding to the interacting nuclei being in the states 
p',\'. Neglecting, for now, the presence of Coulomb forces which may be 
included by the techniques indicated in the last section, the asymtotic 
wave function can be written as 
. '"'R ･ｴＬｾ＠
R 
2-13 
The outgoing waves having been split into two parts, elastic and inelastic. 
The value of the asymtotic inelastic wavenumber K' is given by 
-n 1. K I iJ. ::: ;; ')_ k 'l. - ( E - E ) 2-14 
1fJ' 2 fA T 1p' Tp 
The presence of spin dependence introduces the possibility of changing the 
------------------------------------- ---------- - -
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z component of the incident projectile spin. The scattering amplitude 
f r./1: (e ,¢) is a (2!+1) by (2!+1) matrix in the spin space of the 
t-\'t.l'\I 
projectile. In the absence of any spin dependent interactions 
f ::I:j'J: f L M1 M (e,¢) = (e) ｾｈ＠ M 1 X Z ｾ＠ 1: 2-15 
The direct evaluation of equation 2-3 with the wave function of 2-11 is 
not tractable due to the many states that may be present in the summations. 
The essential approximation of the coupled channels method is to assume the 
summations present in 2-lL may be truncated to a sum over a small number of 
states that are expected on physical grounds to be strongly excited as part 
of the reaction mechanism. The effect of coupling to the states not 
explicitly included in the summation being accounted for by the replacement 
in equation 2-6 of V Ｚｲｾ＠ (xPJ:x:.T,-;J R) by an effective interaction. Since 
coupling to the states excluded from the sum will remove flux from the 
incident elastic channel this effective potential will be complex, the 
imaginary part causing absorption. 
As attention is being focussed on the effects of excitation of the 
projectile, the sum will be taken to include only terms corresponding to 
some of the lowest lying projectile states, the explicit contribution from 
excited target states being ignored. With this restriction equation 2-13 
becomes 
(+) ( ｾ＠ .. ti 2_ "I'I (..a. ..... ) 
'f:tM x.T>:x.p>I(JR)='fT(x.T) I I ¢:r'M'(.x:,J X IM K.JR 
I I Mz r MxPx 
2-16 
where the excited projectile states are labelled only by their total spin, 
which can be taken to represent all of the properties of that state for the 
cases under consideration. Since events corresponding to target excitation 
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are taken into account via the effective interaction, this may conveniently 
be chosen so that equation 2- 6 becomes 
2-17 
The possibility of rearrangement in which nucleons are transferred 
between the reactants cannot simply be included within this prescription. 
The rearranged nuclei are not eigenstates of equations 2-5 a & b and so an 
expansion in terms of these eigenstates would require a large number of 
terms. Also the rearranged states are not orthogonal to these states. The 
effects of rearrangement events as sources for a loss of flux from the 
incident elastic channel are included within the effective interaction 
ｾ＠
U (xp,R., t< ). 
':I A-t 
Using as an ansatz the wave function of equation 2-16, with the 
interaction of equation 2-17, equation 2-3 becomes 
ｾ＠ Expansion.in.Partial.Wayes 
In order to conserve total angular momentum when the projectile is 
excited a change in the spin of the projectile must be accompanied by a 
corresponding change in the relative orbital angular momentum between the 
participating nuclei. The total wave function for the system can be 
expanded in terms of eigenstates of the total, conserved, angular momentum 
J and its z component ｍｾ＠ as [ Sa 83 
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where the sums run over L,ML,L' ,M L' ,I' ,M:r.' ,J and M:r, and the second pair of 
:r 
labels LIon the scattering function X,, (KR) indicate the boundary 
L.:tjL:t. 
conditions of incident waves in the L I combination. 
'--' Mr " ｔｨ･ｾ＠ (R,xp) form an orthonormal basis with respect to integrations 
.J(L';r') 
1\ 
over the angles of R and the projectile coordinates 
Jdxr faJ ::1M/,. ＨｒｰＬｾｦＢＩ＠ ｾＺｴｲ＠ ｣ｒＮＬｾｰＩ＠ = S1J".bM M'SLL'S , 2-20 J"1 ( L' 1.1) T ( L.X) :r ::r :t.:t 
A 
where dR = sin (e) de ､ｾ＠ • These spin angle functions are formed in terms of 
the orbital angular momentum and projectile spin eigenstates as 
lA M:r (" ) _ L (. L 'c , , _, , ,-- ) rA c \ (") 
J.:r(L'I') t<,:x:p - ｍｾ＠ Mt.' t.) L HL. j_ H l: J M:r >" ＺｴＧｈｾ＠ ｾＩ＠ YL, ML R 2-21 
I 
Where the order of coupling has been chosen as J = L 1+ I 1and the ＨｩＩｾ＠
factor has been included to give convenient properties under the action of 
the time reversal operator QY 
JG) U Mr (" ( ) T-MJ" -MJ" (" ) 
'C/J R.:L =- ｾ＠ Rx 
:J"(L1 J') 1 r) :1 (L 1I 1) ) p 2-22 
j 
Using 2-19 in 2-18 a set of coupled equations for the X 1 1 (KR) for each ｾＮＬＮ＠ LI j LI 
J can be obtained by multiplying on the left by jJ"(L".t) (KR) ｙｾｌＨｋＩ＠ and 
/\ A 
integrating over dR, dK and dxr,to yield 
= 
L'' where T ｾ＠
' J r ) 
-LV RX I<R L11 X.. 11 • ｌＡＮＧＧｉｾ＠ ) L'"I'. LI ( ' 
:r:' l!'' J ' 
is the kinetic energy operator for the Lu th partial wave 
= 
-1\2 [ot'--
2 fJ- d.R? 
2-23 
2-24 
with K" = ＨＲｦＨｅＭｅｾＩ＠ {/'n • Used here is the fact, proved in section 2.3.1, 
- - ---- -- --------. 
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that the interactions considered conserve total angular momentum J and its 
z component MJ". The Vt..':r'·LI. (R) are given by 
1 
2-25 
'Ihe projectile excitation is considered to arise only from the nuclear 
interaction. With the restriction that Coulomb excitation will not be 
considered, the Coulomb interaction between the colliding nuclei will be 
taken to be that of a uniformly charged body, the radial form of which is 
given in appendix A. Since this is a function only of the radial variable 
R it commutes with the variables which have been integrated over, and so 
has been separated from those arising from the nuclear interactions. The 
potentials ｖＮｌｾｉＮＧ＠ (R), which remain functions of the radial variable R, will 
ll..1. 
be discussed in section 2.3. The absorptive parts of the potentials will 
reduce the magnitude of those outgoing waves for which there are incident 
waves, whilst the coupling potentials will introduce outgoing flux into 
channels with I',L' 4 I,L. The diagonal ( L=L' and I=I') and coupling 
potentials are short ranged. Outside the range of these potentials the 
X :r (KR) satisfy the uncoupled radial equations 
L''IjLr 
f( ) - L 11 ) ] :f ( k 11 ) - Q L E- [.-z." - I R Ｍｙ･ｯｾ＠ (R XL"I"·LI 1 R -
) 
2-26 
Which are simply the radial Coulomb equations of equation 1-24, with the 
asymptotic solutions ｆｾＨｋｒＩ＠ and GLd(KR). In the absence of any nuclear 
T 
forces the ｘｾ＠ q (KR) remain finite if the physical solutions contain 
l.I ;Ll:. 
only the regular functions ｆｾＬＨｋｒＩＮ＠ It is convenient to choose the phase 
of the X q (KR), in the absence of any nuclear forces, as 
L":t j LI:. 
xr (K'' ) 
L''l''. LX ) R = 
) 
L CT If 
e L F L!' ( K '' R ) 2-27 
- 28 
:r 
The presence of the potentials VI." I.''; L."r1(R} will introduce irregular 
components into the asymptotic solution. The asymptotic form of the 
v :r ,, ｾ＠ (K,R} can then be written as 
Ln:r" i t..J: 
2-28 
where the expansion coefficients S :r:r.
11
:r. contain all of the information on 
Lilt.. 
the departure from pure Coulomb scattering introduced by the nuclear 
potentials in the ｰｲ･ｳｾｮ｣･＠ of the Coulomb Ｚ･ｯｴ･ｮｴｩｾｬ＠ , v (v") is the 
asymptotic velocity in the entrance (exit) channel. 
The distorted waves of 2-18 are then given by 
ｸＺｾｉｍｰ＼ＬｒＩ＠ = :: L (L' ｍｾ＠ ｉｎｾｴＺＺｲｍＺｲｬ＠ ( LML IMJ:J::rH:r) 
1,..1 :r * .A A 
(L) \'r';L/K,R) '{Mf K) ＧｻＮＧｍｾ＠ ( r<.) 2-29 
where the sums run over ｌＧＬｍｾＧＬｌＬｍｌＬｊＬ＠ and Mj. Substituting the asymptotic 
J form of the )L 1.l:r'·L..l(KR} into this equation the scattering amplitude, which J 
multiplies the outgoing waves, arising from the nuclear potential is 
r'I \ f ( 9 ｾ｜＠ == ｾｬｔ＠ [( L'M 'I'M '/:TM )(LM IH }J""H \ eL(o-._..-o;_, J M I M J ') CJ K. I. J: :r ｾ＠ I J" ) 
r I 
[ :rr':r J * A ) " s I - sr:r' ｾｌｌＧ＠ YLN ( K YL'M' ( R) t;L L t.. 2-30 
ｾ＠
Allowing R to tend to oO along the direction Koutintroduces the 
simplification m = 0, since 
2-31 
Using this simplification, the scattering amplitude can be written as 
-----l 
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where P, (cos(9)) is an associated Legendre function [ Ab 70 ]. ｾＮＺｍｾ＠
The elastic scattering amplitude also requires a component which arises 
from Coulomb scattering. 
2-33 
This Rutherford scattering amplitude can be given in partial wave form as 
J 
In order to consider the evaluation of the matrix elements VL't:r"'it..r(R) 
it is convenient to first consider the case of no excitation. The coupling 
and excited state diagonal potentials can then be evaluated within the 
formalism developed. In the absence of projectile excitation the coupled 
equations 2-23 reduce to 
[ ｅＭｔｾｾＭ vc.i R)- ｾｾＧＧｊｌＧｲ•＠ ( R.)] xl11I•· Ll:( K, R.) ＢＧｾＬ＠ ｾｾﾷ･ＢＯｒＩ＠ \,,,:z:. Li K, R) 
) J ) 2 ... 3 5 
There is still the possibility of coupling, via second rank tensor 
interactions, to other partial waves within the elastic channel [Sa 60 ]. 
Parity and time invariance allow three such interactions. 
TR. -= (1:. R ) 1.- '13 1 2 
Tr "' (I.Py·- '13 i 2 
2-36a 
2-36b 
2-36c 
Within the context of the models used only the first of these, TR, acts in 
the 7 Li calculations. If these interactions are neglected the equations 
reduce further to the uncoupled equations 
I 
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2 .. 37 
ｾ＠ Eolding.Mode] 
The folding model was first proposed for deuterons [ wa 58 ] • In the 
model the potential experienced by the deuteron is considered to be a sum 
of the potentials experienced separately by the two nucleons. The nucleons 
however form a bound structure and to allow for this the potentials are 
folded, that is they are multipled by the deuteron nucleon density I ｾＨｲ､ＮＩ＠ / 1 
and integrated over the nuclear volume. This produces the potential 
experienced by the deuteron. Within a cluster picture similar ideas can be 
applied to heavier composite structures, for a comprehensive overview see 
[ Sa 79 ] • 
The coordinate system used to describe the folding model is shown in 
figure 2.1. Regarding this figure, the potential experienced by the 
projectile can be obtained from the potentials between the target and the 
core and valence clusters. The core cluster and target are both spin zero, 
so the only interaction between these is central. For all projectiles 
considered the valence cluster carries an intrinsic spin, so other tensor 
interactions are possible. For ,,F in which the valence cluster has spin 
1/2 this is limited to a first rank, vector, spin orbit potential. The 
valence cluster in ｾ＠ Li is a deuteron with spin 1, and hence the deuteron 
target interaction can include, in addition to the central and spin orbit 
interactions, second rank tensor forces. The interaction between the 
deuteron cluster and the target will be taken to consist only of central 
and spin orbit terms. Since the orbital angular momentum between the 
clusters in 6 Li is zero the central potentials will generate only a 
- 31 
(tJ 
central potential between the Li projectile and the target. Also the 
deuteron target spin orbit potential will generate only a spin orbit 
potential between the ｾ＠ Li and target. The valence cluster of 7 Li, a 
triton, has spin 1/2 so that the interaction between this cluster and the 
target will be taken to posses central and spin orbit terms. Due to the 
non zero angular momentum of the triton cluster around the alpha core the 
central cluster target potentials will generate central and tensor 
potentials between the 7 Li and target, and the spin orbit potential will 
generate central, spin orbit, second and third rank tensor forces between 
the 7 Li and target. 
ｾ＠ -:lo 
The evaluation of the central terms ｕｾｾｲＨｒ＠ ,r ) will be considered in 
section 2.3.1, within a single channel framework. The valence target spin 
orbit potential will be considered in section 2.3.2. The formalism 
developed within these sections will be generalised in section 2.3.3 to 
include terms responsible for coupling to the excited states considered, 
and for the potentials that act within the excited states. 
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...J. 
Valence (Sx} 
Core 
Target 
Figure 2.1 Coordinate system used for the folding 
model calculations. 
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ｾ＠ Centra}.pqtentials 
From the assumption of section 1.3.1 that the clusters remain inert 
during the reactions considered it follows there is no explicit dependence 
upon their internal coordinates. The effects of events corresponding to 
excitation and break up of the clusters are accounted for by the use of 
phenomological cluster target optical potentials. The energy dependence of 
-\ 
the interaction potential Uirut (xp,R,K) can be taken into account by using 
the phenomological cluster target optical potentials at m /m . ,_! 1 C'-'.Mtc.r ｰｾ･･ｮ＠ €-
times the projectile incident energy. Hence the interaction potential can 
be written as 
2-3S 
where the vector relations apparent from figure 2.1 can be used to express 
ｾ＠ ｾ＠
the cluster target vectors in terms of R and r • 
ｾ＠ _,., 
ｾ＠
X = R m, r CT me + mu-
2- 39a 
--lo. ｾ＠ ｾ＠
X =R ;- mil: r 
lri me+ l'Vl tr 
2- 39b 
In a standard manner the central part of the phenomological optical 
potentials between the clusters and the target will be taken to depend only 
on the magnitude of the cluster target separation. Bence, for example 
Since the interaction potential ｕ Ｔ ｾｴＨｒＬｲＩ＠ does not depend on the internal 
cluster coordinates the integrations in eguation 2-25 can be factored to 
yield, 
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the integrations over the cluster wave functions simply giving unity. The 
matrix element has been written in its most general form assuming the 
projectile to remain in its ground state, in particular no assumptions have 
been made about its overall rotational properties. 
In order to carry out the integrations over r and R it is necessary to 
express the potentials u,T(X,T} and ｕｾｔＨｘｶｲ＾＠ in terms of these coordinates. 
This can be done by expanding over a sum of multipoles in terms of a 
complete set of functions, the Legendre polynomials as 
The expansion coefficients vk(R,r) are obtained using 
I II /\) ｾ＠ ,/\ 1J k ( R 1 r) = 2 PR (cos r R. C{ ( R, ｾ＠ ) c:A (CDS r R ) 
-J 
ｾＢＢＢ＠where U(R,r) can be found using the vector relations 2-39 a & 
example 
2-42 
2-43 
b, for 
U (X ) - L{ (rn .,_ ..,.. ( Me.. ) 2 r 1 - 2 Me r R. cos /R ]'lz) 2-44 
C.T C.T - ｾ＠ Me+ m v- t'Y\c + mlr 
The Legendre polynomial of equation 2-42 can be expanded in terms of 
,.. ('. 
spherical harmonics in Rand r. 
PR.(cos r"R)= ＴＭｬｔｾＭ Ｒ＠ l: Yh* (R) Yh ＨｾＩ＠ 2-45 
'=Jt K'tt tc.<y 
Using this multipole expansion the matrix element of equation 2-41 is 
4-lr [ ( LMLI M:r: I :TMT) ( ｌ Ｑ ｍｾｉ＠ M: / J"'M;) ( ｾ＠ ｍﾣｳｾＯ＠ I MI) 
ＨＱｾｳｭＯｉｉｍｾＩｊ＠ cf'R ｾｾ＠ ( ｾＩ＠ Y ｾ＠ 0) Y,_,MJR) f ｊｾ＠ x;r-lo-x) X.s..,/Cfx) 
I ､ｾ＠ ')j:i ( r) y kq, (r) Y£)0) s y- '\Jr-v-1{ ( t<,r) I ¢_/r) (). 2-46 
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where the sums run over J',M:r',k,g,M:c,M:t',ML,ML',m..t,m.t''ms and m5 '. The 
summation over the spin degree of freedom gives <b"' b , . The integration 
s it1s 
of the three spherical harmonics over ｾ＠ gives 
Evaluating the reduced matrix element yields 
k ＨｩＮｾ＾ｾＮＧ＠ ｫｾ＠ I lrn) ( £o ko/ Ro) 
ｾ＠ J41f 
Similarly the integration over ｾ＠ yields. 
I' I' 
( L' M '-/ k.- 't- I L M L ) ( L I 0 k 0 I L 0) ｾ＠ ｾ＠ I 
Collecting the results, and defining 
gives the following expression for the matrix element 
( L'ok.o/Lo)(Roko!£o) k_1.L_ wk(R) 
t' 
2-47 
2-48 
2-49 
2 .. 50 
where the sum runs over the same guantum numbers as before, except m3 '. 
Performing the sums over m1 ,m1 • and rns the first three Clebsch Gordan 
coefficients can be contracted to form a Racah coefficient and a Clebsch 
Gordan coefficient [ Br 71 ]. The matrix element becomes 
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ｾ＠ .. I" 'I)Al n '"' ,. 
r<-"" " ( ＩｾＫｾ＼ＮＭｓＭｾＫ｣ｹ＠L f_' - ｗＨｩｾｉｉ［ｳｫＩｻｌＧｯｫｯＯｌｯＩ＠
2-52 
where the remaining sums are over J' ,M:r' ,k,q,M:r,M:t' ,Mt... and M,_'. The last 
five of these sums can be performed to contract the last four Clebsch 
Gordan coefficients in this expression to form a Racah coefficient. 
Performing the contraction the following expression for the matrix element 
is obtained: 
A /' A. /' 
\ "" 'l L '1. I 'l. ! (-) R. -t- ..R.- 2 I+ L- s -:r ( n n ) L ｾ＼＠ W .x x I I j ks 
f{ L' 
2-53 
The Kroneker deltas arising from this contraction confirm that the 
total angular momentum and its z component are conserved, which had been 
previously assumed. 
The projectiles taken to be purely 1 = 0 in their ground states allow, 
via the parity selecting ｃｬｾ｢ｳ｣ｨ＠ Gordan coefficient (10k0ll0), only k = 0. 
For ,.. Li, with 1 = 1, the values k = 0 and 2 are permitted. In both cases 
evaluating the values of the Racah and Clebsch Gordan coefficients with 
k = 0 leads to the expression 
<I( L':I) H:rl ur....J R,r) IT( LI) Mj > = bLlJ""r\(r1r"( R,r) I ¢/ r) ll 
0 
2-54 
----------------------------------- ------ -
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Hence the k = 0 component of the multipole expansion of the sum of the 
cluster target potentials contributes only to the central part of the 
projectile target interaction. 
Evaluating explicitly the Racah and Clebsch Gordan coefficients for 
k = 2 leads to the term 
()D 
ｾ＠ d 2, L ' J r 2 dr v l ( R , r) I ﾢｾ＠ ( r) I ,_ 2-55 
0 
so that the k = 2 multipole of the central parts of the cluster target 
interactions act as a tensor potential between the projectile and target, 
coupling partial waves that differ by 2 units of orbital angular momentum. 
ｾ＠ Spin .orbit.terms 
The matrix element arising from the spin orbit potential between the 
valence cluster and the target is 
2-56 
where 
ｾ＠ ｾ＠
L -=-L-kX 1\ ｜ｬｾｸ＠
v-T v-T trT 
2-57 
The projectiles which are taken to have 1 = 0 in the ground state will 
be considered explicitly, the results for =r Li, with 1 = 1, will be quoted 
below. In order to evaluate the projectile target spin orbit potential it 
..l. ｾ＠ b' is necessary to express the operator L v-T .sv- in terms of the or 1.tal 
angular momentum between the projectile and target, and the total spin of 
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ｾ＠
the projectile I. Since in the ground state the valence cluster is assumed 
to be in a pure 1 = 0 state about the core the spin I of the projectile 
arises entirely from the intrinsic spin of the valence cluster, so that I= 
..,J, 
s 0 
ｾ＠
The opera tor L \T"I is defined between the valence cluster and the 
target, keeping their centre of mass fixed. Hence it is convenient to 
express the position of the core cluster with respect to this point rather 
than the centre of mass of the target alone. 
From Figure 1.2 
ｾ＠
m" 
.... ( W)T + Wlc. -t Wltr) WI v- ｾ＠R= 'f + X 2-SSa W\c. + Mtr ( Y'Vl.,--+ Yl'liT)(W\c + m..,..) v-T 
ｾ＠ -'- .....:.. 
r- = '1 -t Wl:r: X 2- 58b J'VIT -t /11 tr v-T 
ｾ＠ ....l. 
Expressing the differential operator in terms that operate on r and R 
[ Bu 79 ] o..s 
2-59 
The weighting factors can be obtained from equations 2-58 a and b, so that 
2-60 
where 
2-61a 
c.,. = 2-61b 
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Using 2-57 and 2-39 b, equation 2-Sb becomes 
l T = (- L k) [R t- Me r ] 1\ [ C. R- \7 R. -t- C r '\7 rJ 
\r Me,.+ W\ v 2-62 
Expanding the cross product gives 
t = (-t.i;)[c "R"v-1. + c Rf\'V..;, +Me. [c -rv*+c ｴＭｶｾｊｊ＠ 2-63 
,. 1 ｾ＠ R r r "'" + V'1 ｾ＠ K R R 
rr\c V 
The first term of 2-62 is simply CR L , giving 
2-64 
The spin orbit form factor 0 s-o (X u-i ) can be expanded as a sum of 
..J. 
multipoles in the same manner as the central terms. Since the operator L 
is independent of rthe integration over the angles of rgives the same 
result as the central case, namely k = ｾ＠ only. Equation 2-64 becomes 
()() I r'- dr I ¢oCr) ll. ｾﾷ＠ ( R,r )<:.T( L I)ll L.i 1/J(LI)> 2-65 
0 
The term v5: (R, r) is given by equation 2-42. The reduced matrix element 
,....\. ｾ＠
with L.I acting yields [ Br 79 ] 
S b b (-) ｾＭ L-:r W { l L I I; I j) [L ( L ;-I) ( 2 L + I) T (I+ I) ( .2 I-t I y 'h. 
.I..J:' LL.' :J :r' ｾ＠
using the explicit value of the Racah coefficient gives 
2-66 
2-67 
This relation can be obtained more simply by squaring the relation that 
....), .Jr. ｾ＠
expresses the coupling to form the total angular momentum J = L + I, but 
equation 2-66 is required for later work. This purely numerical factor can 
be taken out of the integration over ｾ＠ in equation 2-64 to leave the 
orthogonality integral. The first term of 2-62 thus gives a contribution 
to the spin orbit potential between the projectile and target of 
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ｾｾ＠
V ( R) L.I 
So 
00 
=- C.R J r 2. olr I ¢o ( r) 12. ｾＺ＠ (I<, ,-) L I 
0 
2-68 
The second term in eguation 2-62 is 
2-69 
ｾ＠ ｾ＠ ｾｾ＠ｔｨｾ＠ opera tor { r f\. \1 t ) o I can be expressed in terms of L. I, by expanding in 
terms of its spherical components as 
2-70 
where ｴｨｾ＠ Clebsch Gordan coefficient ensures they are coupled to form a 
scalar, using the value of this coefficient 
2-71 
The m th component of the cross product term can be obtained by the use of 
bipolar harmonics as 
2-72 
The X th component of 1 can be written in terms of the spherical harmonics 
as 
2-73 
The integral over the angles of r becomes 
2-74 
so the sum over multipoles reduces to the k = 1 term onlyo Collecting the 
ｾ＠ ｾ＠ A 
remaining components of the operator {ri\ VR ) .I together with the Ykcy(R) 
from the multipole expansion we have 
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[ (-y-M l-' ｾ＠ I-rn I_ (I)( Iff I m) r- ＨｾｬｦＩ Ｑ ｨ＠ Y (R_) \/[? 2-75 
m L 'Kf"" I K ｾ＠
This is simply 
Using this result the contribution to the projectile target spin orbit 
potential from the second term in equation 2-62 is 
2-76 
CJ(J 
VSo(R) L:I:: me JL" dr-/¢.(r-) 12 v;o'(R>r )<J(LI)I! tf/IJ(LI).>-
mc+ mlf o R 2-77 
The remaining matrix element can be evaluated as for the first spin orbit 
term. The third term in the expansion 2-6Z leads to 
2-78 
ｾ＠ -' Expanding the operator (RAVt).I in the same manner as equation 2-70 gives 
2-79 
where the mth component of {RAVt) is given by 
( R" 'ilr ).,, = .q ,F- ( 1 X 1 /"' I 1 r>t ) R x \1; 
!-' 
2-BO 
Inserting this expansion into the integration over ryields 
J (}.r r ?.¢_ "' { r) J dr Y.. * ( ｾＩ＠ Y R<J. ( ｾ＠ ) ｾ＠ ( I )< I f'-lllr>t) R >< 'Y:. ¢.; ( r) Y.o (f.) 2-81 
The fA th component of the differential operator on the product Po { r) Yo o ('t) 
gives 
2-S2 
Using the value of the Clebsch Gordan coefficient this becomes 
2-S3 
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...:lo 
Hence the integration over r is 
J('?.. d r ＬＮｾＮ＠ * ( r) !l ¢ r,..) j ､Ｎｾ＠ I y r r- ) 11. Y >t ( r-) y c ｾ＠ ) 2-a 4 Y'o o{r o oo ｫｾ＠ lt--t 
'Ihe angular part of this integration picks out the k = 1 and q. = f' 
components. Collecting the remaining parts of the operator (R 1\ Vt ) we 
have 
R [ ( I )( I /"" !11'>1 ) Y, '( ( R ) '{ If- ( R. ) 2-ss 
ｋｾ＠
..l. -II. The sum yields zero, since this is simply RAR, hence the third term does 
not contribute to the folded spin orbit potential. The operator in the 
ｾ＠ ｾ＠ -"' -"' fourth term of eguation 2-62 is l.I, and since S = I this can be replaced 
ｾＭＢＧ＠
by l.s. The expectation value of this operator in the nuclear part of the 
matrix element is zero since the ground states are taken to be purely 1 = 0 
states. 
To summarise, considering single channel elastic scattering for the 
1 = 0 projectiles leads to a central potential between the projectile and 
target given by 
u...,f,.L (R) ｾ＠ fr1 dr I¢. (r) 11 )f J'[ UCT ( XCT) + uvT (X lrT)] d (e»s !R) 2-86 
0 _, 
and a spin orbit potential given by 
(/() ( 
us.( R) "'CR. [Jr ... dr- I¢. ( r)) 1. I 12 J \Is. (X vT) &(coS (R.) - ｍｾＫ｣ＮｍｶＭ
ｊＢＢｾｊ＠ dr 0[ ¢J r) ),_ '''l.J \.-(X cr) ｾ＠ (cos r"R) d{cos r"R ｾ＠ 2-87 
0 -t 
Similar analysis [ Ni 84 ] for 7 Li leads to the folded potentials 
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Where we note that there are two contributions to the TR potential that 
acts in the elastic channel, one arising from the k = 2 multipole component 
of the central potentials, and a smaller term from the cluster target spin 
orbit potential. Because the third rank observables are very small 
Tu 8.5 ] and they have a negligible effect on the other observables 
Ni 84- ] , they will be neglected in the subsequent calculations. 
2 .]-.3 Coupling Potentials 
With the model for the interaction established we now return to the 
coupled equations and consider the evaluation of the matrix elements 
responsible for coupling between the projectile states, and those for 
scattering within the excited states. 
The central terms of the interaction Drnt- (R,Y) are much larger than 
the spin orbit term and hence the latter will be neglected in all but the 
ground state term considered previously. In order to evaluate 2-25 it is 
again convenient to expand the central interaction potentials as sums over 
multipoles. Osing this expansion 2-25 can be written 
vL :1 ,. LT. ( R) " t ｶ［Ｎｾ＠ •. LT. ( R 1 
' ) 
2- 91 
where the vL:'\ (R) are given by 
1 ;L..'I. 
jR A A A ""'L.'l. ( )'J-l(/-.I.+I.''-s+.R.'r )L-L"+.t-J..' V (R) = L I I'' 1 r< - ｾ＠
L II r. II • L 'I. 
J 
2-92 
44 
The Racah coefficients again arise from the recoupling of the Clebsch 
Gordan coefficients. The parity selecting Clebsch Gordan coefficient 
imposes constraints on the value of k. For the projectile states 
considered with either 1 = 0 or 2 k must be an even multipole term. 
Further the terms that couple the 1 = 0 ground states to the 1' = 2 excited 
states are limited to the k = 2 term only. Coupling between and within the 
excited states with 1 = 1' = 2 is limited to k = 0 , 2 , 4. The Racah 
coefficient W(ll'II";ks) is proportinal to S, 1 & 'f for k = 0, hence only xQ :X:I. 
the k = 2 term can couple different states. The presence of terms other 
than k = 0 within the excited channels couple different partial waves 
within the excited channels in analogy with equation 2-35. For the ground 
state equation with 1' = 1 = 0 equation 2-82 reduces to 2-76. 
The 1 Li case, with 1 = 1 in the ground and first excited states, and 
1 = 3 in the second and third excited states differs slightly. The parity 
selecting Clebsch Gordan coefficient limits the coupling between the ground 
and first excited state to the k = 0 and 2 terms only. Just as in the ｾｌｩ＠
case the k = 0 term does not act between the states because of the Racah 
coefficient. Coupling from the ground to the 1 = 3 states allow k = 2 and 
4 terms, whilst k = 0, 2, 4 and 6 are permitted between states with 1' = 3. 
The Racah coefficient again forbids coupling via k = 0 terms. The k = 6 
terms are ignored in the present calculations due to computing code 
restrictions. 
All of the folding model interactions were obtained using a Fortran 
computer code which is discussed, along with accuracy checks, in appendix 
c. 
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Chapter.3 
ｾ＠ ReSUlts .and .discussion 
This section presents the results of the elastic and inelastic 
scattering calculations performed using the folding model potentials 
detailed in section 2.3. The coupled equations were solved numerically 
[ Bu 63, Ta 65b]. All calculations presented here were performed using the 
coupled channels Fortran computer code CHUCK3 [Co ]o The excited 
projectile states were included in the manner detailed in appendix D, the 
single elastic channel calculations for 6 Li were checked against the code 
DDrP [ To ] , excellent agreement being obtained. The coupled channels 
calculations for 1qF were compared with the code FRESCO [ Th ], again the 
two calculations were in excellent agreement. The angular momentum 
coefficients in CHUCK3 for the channel coupling were checked by coupling to 
the ground state via a ｔｾ＠ operator and comparing the results with those 
obtained from the code LINA [ Tu ], again good agreement was obtained. The 
predicted results for the elastic cross sections and vector analysing 
powers for the ﾫｾ＠ Li cases studied are presented in section 3 .1.1. The 
results for 7 Li + l:lo Sn elastic scattering and 1 Li + '').0 Sn inelastic 
scattering are presented in section 3.1.2, and the results for 'q F + 28 Si 
scattering are presented in section 3.1.3. 
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3 .1.1 . (». Li . + ｾｾ＠ Si . and Ｎ ｾ Ｎ＠ Li. + Ｑ ｾＰ Ｎ＠ elastic . scattering . at . 22,8 . MeV 
Figure 3.1 shows the results of calculations for ｾｌｩ＠ scattering from 
28 Si at 22.8 MeV. The dashed curves are the results of a single channel 
calculation. The solid curves are the results of a two channel 
calculation, and the dotted curves the results for a four channel 
calculation, The cross section data shown in this figure include a 
normalisation correction [ Fi 83 ]. They are larger than the values 
originally shown [We 76 ] by a factor of 2.27. The iT 11 data are from 
[We 76 ], This reference found that a single folding model spin orbit 
potential, together with phenomological central potentials, was able to 
reproduce the experimental data. Since the analysis of this reference was 
performed using the incorrectly normalised cross section data, their fit to 
the vector analysing power was fortuitous. 
A one channel folding model calculation shown by the dashed curves 
gives a very tiny magnitude for iT,, , although reasonable values are 
obtained for cr- I c:JR. • The results of the two channel calculation, shown 
by the solid curves, yields a vector analysing power with enhanced 
magnitude. The magnitude and phase of the predicted iT,, are now in much 
better agreement with the data, an improvement in the agreement is also 
seen in the cross section. It is usually possible to enhance the magnitude 
of the vector analysing power without increasing the strength of the spin 
orbit potential by changing the central potentials so that the cross 
section has larger peak to valley ratios. In the present case however, the 
amplitude of the oscillations in the cross section is actually decreased by 
the inclusion of channel coupling, It is clear therefore that a large 
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effective spin orbit potential has been produced by the inclusion of the 
excited channel. The results for the four channel calculation produce a 
vector analysing power which is slightly reduced in comparison to the two 
channel calculation, but the essential features are unchanged. The 
agreement with the cross section however has become poorer, particularly at 
larger angles. 
Repeating the analysis of [We 76] for ｾｌｩ＠ Ｋ Ｑ ｾＰ＠ produced a folding 
model spin orbit potential which was a factor of 1.6 smaller than that 
presented in this reference. This is because, in [We 76 ], the deuteron 
target spin orbit potential was incorrectly multiplied by a factor of 2 
[ Am 83 ] and the factor ( A + 6 )/( A + 2 ) present in equation 2-77 was 
taken as unity. Accordingly the magnitude of iT 11 obtained in a one 
channel calculation, using the phenomological central potentials of 
[ We 76 ] , should be reduced by a factor of about 1.6. This reduction 
implies that the agreement between the data and calculations in this 
reference is not valid. 
Together with the ｾ＠ Li + 28 Si results this implies that, contrary to 
the original conclusions of [ we 76 ] , the single folding model spin orbit 
potential is unable to reproduce the experimental data. 
Figure 3.2 shows the results of calculations for ｾ＠ Li + Ｑ ｾＰ＠ scattering 
at 22.8 MeV. As in figure 3.1, the dashed curves correspond to a one 
channel calculation, the solid curves to a two channel calculation, and the 
dotted curves to a four channel calculation. Large channel coupling 
effects are evident in both the cross section and vector analysing power. 
In the two channels calculation rr Ｏｾ＠ is not reproduced well, in 
.. --·· - - - ···- ---·---·---------., 
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particular the phase of the oscillations is opposite to the data, 
suggesting that the potential depths require adjustment. A multiplictive 
factor of 0.5 applied to all interactions present in the calculations was 
found to give a reasonable fit to the cross section data. 
The results of calculations with this renormalisation factor included 
are shown in figure 3.3. The dashed curves again refer to a one channel 
calculation, the solid to a two channel calculation and the dotted to a 
four channel calculation. The renormalised two channels calculation 
increases the magnitude of the predicted iT" and gives a much better 
description with the data, in comparison to the renormalised one channel 
calculation. The agreement with CJ I o-R is also improved. The four 
channels calculation reduces the magnitude of iT\\ a little from the two 
channel result, and improves the agreement with both \5" I ()g and iT 11 at 
angles larger than 60°, this same renormalisation factor of 0.5 was also 
found to be necessary in the case of ｾ＠ Li + 58 Ni elastic scattering 
[ Ni 84 ] when a precise fit to the cross section was demanded. There is 
evidence that a normalisation of this type is associated with the effect of 
fo Li break up [ Gl 80 , St 80a , Sa 80, St . 80b , Co 81 ] calculations with 
the normalisation factor 0.5 were also performed for 6 Li + 28 Si 
scattering. The results are very similar to the calculations shown in 
figure 3.1, and are not shown here. 
These results for o Li scattering are therefore consistent with the 
general requirement of renormalisation for the folding model potential for 
&Li scattering [Sa 79 ]. This renormalisation correction has recently 
been confirmed as arising from the effects of 6 Li break up 
[ Th 81 , 5& 85 ] • 
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Figure 3.4 shows the predicted cross sections and vector analysing 
powers for the elastic scattering of ｾｌｩ＠ ｦｲｯｭＧｾ Ｐ ｓｮ＠ at 44 MeV. Figure 3.5 
shows the second rank tensor analysing powers, T ,T Ｌｔｔｾ＠ , for the same 
'J-0 ｾｈ＠ ... o 
elastic scattering. In both figures the dashed curves are the results for 
a one channel calculation, the solid curves correspond to a two channel 
calculation, and the dotted curves to a four channels calculation. The 
dash dotted curve for the vector analysing power in figure 3.4 is the 
result of a one channel calculation in which the tensor force has been 
neglected. 
It is clear that, just as in the 0 Li cases studied in section 3.1.1, 
the inclusion of the projectile excited channels produces strong effects on 
the .spin dependent observables. The inclusion of the second of the bound 
1 = 1 states clearly has a large effect on the spin dependent obsevables. 
The strongest effect being produced for iT,, • The inclusion of the two 
1' = 3 states reduces the magnitude of the predicted vector analysing 
power, but doesn't appreciably change the results for any of the other 
observables. From figure 3.4 it is clear that within a one channel 
calculation iT,\ is dominated by the effects of the tensor potential rather 
than the spin orbit potential. This is in keeping with the finding of 
Nishioka et al. [ Ni 84 ] for ' Li induced scattering from 59 Ni. 
Figure 3.6 shows the results for the inelastic scattering 
,,_
0 sneLi, 7 Li"') •2-osn, with the outgoing ..,Li being in the 1/2-, ｅｾＭＮ｣＠ = 0.48 
53 
MeV state, induced by the 7 Li incident at 44 MeV. The curves correspond to 
a two channel calculation. The prediction for the cross section and vector 
analysing power are in reasonable agreement with the experimental data, 
although the magnitude of the predicted cross section is a little small in 
comparison to the datae The inclusion of the two 1' = 3 states, which is 
not shown here, was found to have a negligible effect on the inelastic 
observableso 
The results for a two channel calculation using a renormalisation 
factor of 0.5 are shown in figures 3.14 and 3.15. In agreement with the 
general finding for the elastic scattering of lithium isotopes the 
agreement with the experimental cross section is improved. 
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Figure 3.7 shows the results of calculations for the elastic scattering 
of J<t F from :1e Si at 60 MeV. The dashed curves are the results of a one 
channel calculation, the solid curves a two channels calculation and the 
dotted curves a three channels calculation. The inclusion of projectile 
excitation again clearly produces a strong effect on the iT 11 • These 
results are in agreement with those obtained independently [ Oh 84 ]. The 
largest effects are produced by coupling to the first excited state only, 
the inclusion of the second excited state reducing the magnitude of the 
predicted iT n • This is consistent with the 6 Li calculations. 
--------------------------··-· . -
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.L2. Analysis . of . r·esults 
From the figures it is clear that coupling to the inelastic projectile 
excited states produces large effects, by back coupling, to the elastic 
channel. These effects which involve excitation and subsequent 
de-excitation are highly non local in nature. The non locality arises from 
the fact that de-excitation can occur at different values of the relative 
coordinates R. These effects are incorporated automatically within the 
framework of the coupled channels calculations. The complexity of these 
calculations, however, obscures some of the underlying physics. 
Two approaches will be considered to explain the observed results of 
the coupled channels calculations. Section 3.3 will present arguments 
based on semi-classical ideas to explain the observed effects of coupling 
to the projectile inelastic states. Section 3.4 will offer an explanation 
of these effects via a quanta! description similar to that of the Feshbach 
formulation for treating inelastic events [Fe 62 ]. 
Section 3.5 is concerned with a quantitative description of the elastic 
observables in terms of a nearside-farside decomposition, with particular 
emphasis being placed on the vector and tensor analysing powers. 
---------------------- J 
- 60 
:l.tJ_ Semi -classical arguments 
In order to be definite we shall consider the l 'tp + 2 g Si system. Due 
to the higher energy of this system, the large masses of the reactants and 
the large Sommerfeld parameter IL , this is the most classical of those 
studied in this work. These ideas can be applied to ｴｨ･ Ｖ ｾｲｌｩ＠ cases but 
increasing caution is required with the decrease in target mass and charge, 
and relative kinetic energy. 
In order to clarify the arguments it is convenient to consider the 
potentials acting to be purely central. With the neglect of any spin 
dependent forces between the clusters and target the projectile spin I and 
its z component M :r. remain constant within the elastic channel. Within the 
cluster model used to describe the ' 1 F projectile this implies that the 
triton's spin components s, ms are also conserved under the effect of the 
elastic channel forces. The potentials that couple different channels, and 
those that act within the excited channels are independent of the cluster 
spins. Hence any produced spin dependence arises from the central terms 
between the clusters and the target. 
Treating the angular momentum vectors in a classical manner, the 1st 
excited state of 1 1F, with 1' = 2 and I'= 5/2+, has 1' and s parallel. 
For a spinless target the total, conserved, angular momentum J is formed as 
a sum of L, the relative orbital angular momentum between the colliding 
nuclei, and I, or s. Conservation of J and s implies that in the 
intermediate excited channel the relative angular momentum between the 
colliding nuclei, L' is L - 2 if J = L + I and L + 2 if J = L - I. Hence 
imposing the conservation of angular momentum there is a direct 
correspondence between J and L'. This situation is shown pictorially in 
figure 3.8. 
I 
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Figure 3 . 8 Classical vector addition for 
coupling to the first excited state. 
- 62 
The elastic scattering is dominated by a few partial waves near the 
grazing angular momentum, the lower partial waves being almost completely 
absorbed whilst the larger partial waves are prevented from contributing by 
the large centrifugal barrier. The centrifugal barrier increases as L(L+l) 
with increasing L. Coupling to the inelastic channel with L' = L - 2 will 
thus be more effective than with L' = L + 2 because of the centrifugal 
barrier term acting in the excited channel. Hence, because of the 
kinematical link between J and L • , coupling to the inelastic channel 
strongly depends on whether J = L + I or J = L - I. 
The subsequent return to the elastic channel will thus be fed more by 
those parts of the reaction which have gone via the L • = L - 2 path. The 
effect of inelastic excitation thus depends strongly on J for a given L, 
that is it is spin dependent. For the '" F + ｾＧｳｩ＠ case the spin dependence 
..A. -!> is limited to an L.I term. The effect however is non local and highly L 
dependent. Coupling to the first excited. state of ｾ＠ Li produces a similar 
ｾＮＮＮＺＮ＠
set of arguments, but in general the effective spin dependence yields L.I 
and second rank tensor forces. Similarly coupling to the ＧＢｾ＠ Li excited 
states produces vector and second and third rank tensor forces. The 7 Li 
results clearly show that the induced second rank forces are significantly 
smaller than the vector forces. 
For a given intermediate channel, r•, the spin dependence arises 
because different intermediate angular momenta are coupled to the elastic 
channel with different strengths. These arguments suggest that spin 
dependence should arise from the inelastic excitation. They cannot however 
say anything about the expected magnitude, or even sign, of the induced 
spin orbit effect. Although the absolute sign of the effective spin orbit 
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potential produced by coupling to a given intermediate channel I' is not 
fixed by these arguments, we can compare the effects of coupling to other 
excited states I'' with those of coupling to I'. 
The discussion will again be limited to the ,,F + 28Si system, and only 
central forces will be assumed to act in the elastic channel, with coupling 
between the ground and excited state I'' via the guadrapole term in the 
multipole expansion of these central potentials. 
The same semiclassical assumptions employed in the arguments for 
coupling to the first, I' = 5/2 , state can be used for coupling to the 
second, Iq = 3/2 , excited state, as shown in figure 3.9. In this case, 
since the second excited state has I''= 3/2, 1' must be anti parallel to 
s. Then, by the same set of arguments as before, the coupling is most 
effective for the J = L - I route, and least for the J = L + I path. Hence 
the net effective interaction is opposite to that for coupling to the first 
excited state. 
Although the absolute sign of coupling to either of the excited states 
still cannot be fixed, these arguments show that coupling to the two 1' = 2 
excited states produces a spin dependence of opposite sign. This is 
clearly borne out by the coupled channels calculations. A ramification of 
this is that both members of a doublet with given 1' must be included. 
Calculations which do not include both members may lead to spuriously large 
predicted analysing powers. The same arguments may be applied to the cases 
studied with 6 Li as a projectile. 
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Figure 3.9 Classical vector addition for 
coupling to the second excited state. 
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.l.11 .. l.'L:L Degenerate . Excited . States 
The further assumption is now made that the excited states which, 
within the cluster model, form a spin orbit split multiplet are degenerate 
in energy. We also assume that coupling to these states from the ground 
state is independent of I'. The effective spin orbit potential produced 
from the inclusion of the two states will then be equal and opposite, 
leading to no net effective spin orbit forces. 
Figure 3el0 shows the result of a four channel calculation for 
6 Li ＫｾｓｩＮ＠ The calculation was performed with no spin orbit potential 
acting in the entrance channel, and with the energy of the three excited 
states being taken as 2.18 MeV. This figure clearly shows cancellation 
between the induced spin orbit effects caused by coupling to each of the 
excited states considered. 
In practice the states are not degenerate, and there also exists the 
possibility of coupling to the elastic channel via multi step processes 
that pass through each of the excited states. All of these effects are 
automatically incorporated within the coupled channels calculations. The 
degenerate calculation results suggest that the induced spin dependent 
effects are largely dominated by the two step processes. The presence of 
multistep paths are responsible for the non zero iT" in this figure. 
In essence the vector spin dependence in the elastic channel is 
produced, within the cluster model, by the spin orbit splitting of the 
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excited projectile states. It is important to note that the cancellation 
occurs because the ground states of the 1q F and ｾ＠ Li nuclei are taken to be 
purely 1 = 0o 
3.3.2 Effect .of.non .zero .angular .rnomentum.between .clusters 
Similar arguments may be applied to the -r Li + tao Sn systemo Coupling 
to the first excited state however produces an effective spin orbit 
potential which is opposite in sign to that produced by coupling to the 
first excited state of ｾ＠ Li. This is because the triton spin is aligned 
with the inter cluster angular momentum in the ground state, and anti 
aligned in the first excited state. The summation over a multiplet of 
states with the same 1 1 no longer predicts a vanishing effective spin orbit 
potential .. 
-------------------------------------·-· -· .. 
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ｾ＠ Quantum.mechanical.arguments 
The spin dependence arising from coupling to the inelastic projectile 
states can be described by quantum mechanical arguments that complement the 
semi-classical ones of section 3.3. To be definite we shall again consider 
the l"' F + 2-' Si system. The arguments used parallel those of the Feshbach 
[ Fe 62 ] formulation using projection operator techniques. 
If we initially consider coupling only to the first ｜ｾ＠ F excited state 
we obtain the pair of coupled equations, in symbolic notation 
.,l. 
(E- T, f1. - ＧＭＢｾ＠ CR)) x.(K l R) = v,l. ( R) Y
1 
( k', R') 
( (E -E.)-Tf'- vn (R')) X
1 
(K', it')., v.,_, c ｾ＼Ｉ＠ x, ( K,R) 
where the T! are the 3 dimensional kinetic energy operators for the Ith 
channel and ｖ ＱＱ Ｈｾｩｳ＠ the diagonal optical potential, given for example by 
the folding model of section 2-3. The ｖｸ Ｓ Ｈｾ｡ｲ･＠ the coupling potentials 
which have been treated in radial form in section 2.3.3. 
3 .. 1a 
3-1 b 
Formally these equations can be reduced to an uncoupled equation for 
the elastic channel by transferring the operator on the left hand side of 
equation 3-l(b) to the right hand side 
The additional term +ic has been added to avoid the singularity at 
H1 = E2 , the + sign being chosen to give outgoing wave solutions for the 
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Ｈ ｾＬ＠ ｾ＠ ｾ＠ ｾ＠)£.4 1<. , l<). Substituting this expression for X.,JK') R') into 3-l(a) yields 
the uncoupled eguation for the elastic channel 
-l. 
( E - I, It -VII W)))( I ( K} R.) = ｾＷＮ＠ ( r<) 4-,_ ( R) R I) ｾ＠ Jl< I) XJk) Rl) 
3-3 
This eguation represents a formal solution of the coupled equations, 
but is not amenable for direct solution. The presence of the Green's 
function propagator 
..:r. 
q-,_ ( R ) R}) = [( E - ｅｾＩ＠ - J t - V.,:J. ( R I) + l. €] -I 3-4 
makes this eguation non local and energy dependent. The right hand side of 
eguation 3-3 acts as a source term, adding an inhomogeneous term to the . 
elastic equation. 
( E- I, - vll ( P-) ) X\ ( K) R) = ｶｾｦｦ＠ ( R, R I) ｾ｜＠ ( k) R') 3-5 
ｷｨｾｲ･＠ ｖｾ＠ (R)R') = V12 ＨｒＩｇＭＲＮＨｒＩｾＧＩ＠ V21 Cr<) 3-6 
3.4.1 ｍｵｬｴｩｰｯｬ･ Ｎ ･ｾｕﾧｩｑｄ＠
The total solution of this equation can be expanded in partial wave 
terms as before, and is projected on to a relative state with definite J, 
L'' to yield 
｛ｅＭｔｾﾷＭｶ＠ (R)-<:T(L''r)M lu OU)I:J{CI)M >]X;r ＨｋＬｾ＼Ｉ＠ｃｯｾｃＮ＠ :1' ｉｾｴ＠ 1 J L 11 I j Ll 
== L. < I(L'"I)M l V. (R it) l J""(L"' I) M > '/.. :r ( K R \ 
L''f I 'J" €-ff ' J L!"I; LI ) ) 
3-7 
ＮＮｬｯｾ＠
The matrix of the effective potential v,H (R,R') can be written, since the 
Greens function is invariant under rotations in total J, as 
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ｷｨｩｾ＠ can be expanded to give 3-8 
[ v ":J R ( R) 6 :r ( P. R. I) v -rk ( R I) 
L' k L'l1. j J •• :r.. I L' I I I L I I I j L II/ I 3-9 
n 
where the ｖＬｾ＠ (R) are given by equation 2-82o 
"'" I.j 1..'1:.. 
If the potential ｖｾ Ｑ＠ (R') of equation 3-1 is considered to be purely 
central, the Green's function G :'I.' (R,R') is independent of J o The kth 
multipole component of V ｾｫＮ＠ , (R') is usefully rewritten as 
L.ZjL.I. 
v ｾ＠ ｾ＠ ＨｾｉＩ＠ = (-) L' 1- "I I -j ( (. ) L. -1..1 ｾ＠ 'L ( L 0 k. 0 I L I 0 ) 
L:IjL:X.. 
where the ｖＺｲＮＧＨＨｾ＠ >; I(is)(R') are independent of the relative orbital angular 
momentum between the colliding nuclei, and are given by 
R II k ' J.f "" ｾ＠ ｾ＠ A V ( TJ.') == (--) :c+ J( - s.,.. ｾ＠ ( ｾＧ＠ "- I' I J. k ( .Q o k o 1 .fl.' o) ｬＧＨＮｬ Ｑ ｓＩｪＡＨｾｳＩ＠ J 
rA 
IN'{I'I .P.'J i k.s) Jr 1 dr ｴｐｌｾＨｲＩ＠ u-R(R.'>r)¢t{v-) 
a 
3-10 
3-11 
In general the the effective potential V E.ff (R,R') can be expressed in 
terms of the irreducible tensor operators introduced in section 1.2 as 
-"" ｾ＠ t €ff ...\, ...J. 
v fiL ( R) R ') = L "[ (I) v ( R) Q I ) 
r k a. k. 1. '} l. k.. 7: ｾ＠ r 
l r I 
3-12 
Bence for reactions induced by ｌｾｆ＠ the effective potential is limited 
to central and vector potentials only. Using this expansion the matrix of 
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the effective potential can be written [ Jo 77 ] 
<Y(L!'r)(( Veff (R,R1) ｾｊＺｦＨｌｉＩ＾＠ = L.l."i(-):r-L."+:rw(Ll(Ll.I) ｾＺｲＮ＠ J) 
l!:t 
( L) L-L'' < L'1 1\ vEff (\ L ><.I I) 1: II I'>' 3-13 
ｾｉ＠ ｒｾ＠
This equation can be inverted by using the completeness relation for the 
Racah coefficients, and noting that 
< I If '"Ch II T ) = tp. 3-14 
ｾ＼ＭＮｲ＠ I 
to give 
ｾ＠ A R jl- :r..-L''-:r L-L" 
<L'I ＱＯｾｦｦ＠ IJ L > = ｾｴＺｉ＠ (-) (t) W{LL'' II}-:z?) 
< .T {L"I) II VEff (R,RI) II j ( L 1.) > 3-15 
A general formula for the non local effective potential can be obtained 
by using equations 3-15, 3-13 and 3-10 and by performing the sum over 
J, to yield 
< L'1 II v: Elf ( R I R I ) II L > = L ( (. t-L" (-) r. !.. I ... R 7. LJ- I ( L" 0 L I 0 I k 0) 
R"J: L' :r 
(Lo L10I Ro)w (kx.l< LL1j I< L")w ( ｬｴｾｫｩｩ Ｑ ［ｫｩＩ＠ v::r1 (R) G-u:r 1(R,R 1) ｖｾ＠ (I<') 
3-16 
for the k ':t th rank potential arising from coupling to an inelastic channel 
I' via a rank k mulitipole. 
In the semiclassical arguments of the last section it was seen that the 
spin orbit effect arose from the differences in which the orbital angular 
momentum of L'' the intermediate channel are coupled. If the L' dependence 
of ｇｾﾷｾＬＨｒＬｒＧＩ＠ is ignored, the sum in equation 3-16 can be performed using 
ｾ＠ L· 'l. ( L" 0 L I 0 I k 0 ) ( L 0 L I 0 I k 0 ) w ( ll;: k L L I j R L" ) 
l 
= ( -) ｾｉ＠ ... L 'S ( L II 0 L 0 I t<. 0 )( R 0 R 0 I R. 0) 
ｾ＠ X 1 
I 
------------------------------· ... 
3-17 
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The second parity selecting Clebsch Gordan coefficient in this eguation 
limits k 1 to even terms only, so that the k"'L= 1 vector potential vanishes 
if the L' dependence is neglected. 
We can identify the non local, L dependent, effective spin orbit 
potential arising from coupling to the inelastic channel I' as 
3-18 
Hence for k = 2 guadrupole excitation the effective spin orbit potential is 
vEff ( R, R'l L) = ..!.. (j" b+I(I -t-1) -r (I'+ I) (-):c--r.' r.Ll'/ [L (L-t; I )j 'h 
So 2JIO ｉＨｉＭｴｴＩｉｾ＠ L! 
( LO L'Oj20)W( 12 LL' j ｾｌＩ＠ V:r.::r' (R) G-t..':c' ( R.,f<')Vr'1 (R') 3-19 
Using eguation ＳＭＱｾ＠ this potential can be expressed as 
v (R, R\ L)"' .1. Ho b + 1: (I+ l)A-I' (I !t l) (-r L L I> 2. (Lo ｌＧＰｾＲＰＩ＠ 1. 
So l I{I-t I) I'l.(L(L-HJ )'h. L! 
IN (12 L L 1j 2L) W (I"I 1 .U 1 i RsY· (1oRol f 1o}l I.N/(I<)G-1.!/R,R')W: (Q') 
where 3-20 
w: (R) = ｊｾ＠ "1- ｾｲ＠ ¢;, (f') V R (f<, r-) 911. ( r-) 3-21 
0 
and spin dependent forces in the entrance channel have been neglected. 
The sign of the effective potential ｶＺＡｾＨｒＬｒＧＬｌＩ＠ is thus ､･ｴ･ｲｭｩｮ･､ｾ＠
the factor 6 + I ( I + 1 ) - I 1 ( I 1 + 1 ) • Bence, considering \'\ F, 
coupling to the first excited state with I' = 5/2 will produce an opposite 
effect to that of coupling to the second excited state with I' = 3/2. 
-------------------------------- ---- ---- -
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3 a·4·.2 Inclusion. of. other . excited . states 
Coupling to more than one excited state can be considered within this 
framework. If the coupling between the excited state multiplets is ignored 
the effective potential is simply a sum of terms of the form 3-6, one for 
each of the excited states included. 
3-22 
Expressing this in partial wave form using the techniques of the last 
section the effective potential from coupling to the excited states is 
' k L'' L A A .A 2./ ,A. <. L'' l { v II L > ::: L (-) I. ( () - k L L I I ( L'1 0 L I 0 l k 0) ( L 0 L I 0 \ k 0) 
R.I. L! :r. 
W(I2.I.kLL'J·LL'')L_(-):r-r'vv(k. k.T.I 1 ·ki\V (R)G: (RR')V (R') 
I I :r ) ) T :c I L I I.' I 'X.I:t 
3-23 
If the excited states are considered to be degenerate in energy, the radial 
Green's function propagator is the same for all excited states I', but 
still depends on L • • The radial Green's function may then be taken outside 
the sum over I'. By using the explicit forms of the V , (R) from equation 
:I .I 
3-11, the sum over I', which runs over the multiplet of states with 1' = 2, 
can be performed analytically, to yield 
3-24 
The triangular relations present in the second Racah coefficient in 
this equation limits ki to zero for projectiles with 1 = 0 in the ground 
state. This is the result previously obtained from the semi-classical 
arguments of section 3.3. The effective spin orbit potential vanishes if 
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the excited state multiplet is degenerate in energy. The effective spin 
orbit potential produced by projectile excitation arises, within the 
cluster model, from the presence of spin orbit and tensor forces between 
the clusters of the projectileo 
.3.....5. Nearside/Farside.Interpretation 
Since the de Broglie wavelengths for the elastic scattering of heavy 
ions are short in comparison to their sizes, for example 1.1 fm for the ｬｾ＠ F 
+ 
28 Si system, classical ideas assume an important role. Classically the 
scattering can be described by considering the nuclei to travel along well 
defined orbits [ Fo 59]. Heavy ion scattering is characterised by the 
presence of strong absorption, so that orbits in which the nuclei overlap 
considerably are almost completely prevented from contributing to the 
observables. It is the purpose of this section to use these ideas to 
interpret some of the observed results of section 3.1. 
In order to see how these ideas may be used it is instructive to first 
consider a simplified system. Initially we assume the interaction between 
the colliding nuclei contains only central terms. With this restriction 
the projectile spin is constant, and equation 2-30 for the nuclear 
scattering amplitude reduces to 
fM M (9) = 
:t "J:. 
[ l_l. e2 iOL. ( S'--t) PJcos e) 
L 
3-25 
In the extreme limit of complete absorption of the lower partial waves the 
S L coefficients are zero for all L less than a critical orbital angular 
momentum L c , that is there are no outgoing wave com:r.onents in equation 
2-28 for L less than Lc. Partial waves greater than Lc. correspond to 
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orbits in which the nuclei pass each other without any interaction occuring 
between thema The scattering process then arises only from grazing orbits 
with L = Lc a Quantum mechanically there is some spreading of this over 
simplistic view, however the scattering processes are dominated by a narrow 
region of angular momentum values centered around a critical value L c. 
Since the value for the grazing angular momentum is large, for example 27 
for the 1 '\ F + l- t;J Si system, the Legendre polynomial in equation 3-25 may 
reasonably be replaced by its asymptotic value [ Ab 70 ] • 
ｐｾＨ｣ｯｳ･ＩＺＺＺ＠ [ Ｒ ＱｲｌｳＬｾＹ＠ J ｬｨｻＢｾ｛ｌＨＨｌＫ＠ i'13-!)} 
+ ･ｾｰ＠ ｛ＭｾＨｌＫｾ＠ ｹｾＭ 1J]} 3-26 
A formula for the semiclassical scattering amplitude is then obtained 
by replacing L by a continuous variable 1 = L + 1/2 and assuming that 
SL-7 S(l), where S(l) is a smooth function of 1. The summation over the 
discrete variable L is then replaced by an integration over 1, leading to 
the following semiclassical expression for the scattering amplitude: 
?r27 
For simplicity, the Coulomb phase has been dropped from this expression, 
although it may be incorporated without producing any fundamental 
differences. The -1 component has also been dropped since it contributes 
only to forward scattering, in which region the arguments of this section 
no longer hold. 
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Regions in which the phase of the integrand oscillate vigorously lead 
to cancellation. B¥ the arguments of stationary phase the integral is 
dominated by regions in which the arguments of the exponentials are smooth 
and slowly varying functions of 1. Eguating the derivatives of the 
exponentials to zero gives the classical deflection function eguations 
2 d6(Q) 
JQ + e 3-28 
There are thus two components which contribute mainly to the 
semi-classical scattering amplitude, for a given observation angle e 0 
These may be identified with the two classical paths as shown in figure 
3.11. They are denoted as the nearside and farside components. 
Heavy ion elastic scattering in the presence of strong absorption is in 
principle dominated by the grazing angular momentum. In practice, however, 
the low partial waves are not completely absorbed and contribute to the 
scattering process. We may be guided by the limit in which the observed 
elastic cross section arises from one partial wave, or a very narrow band 
of partial waves, and use the asymptotic form of the Legendre polynomials. 
Quantities which retain the interpretation of nearside and farside 
components given to the two parts of the asymptotic form can be defined for 
all angular momentum. The Coulomb amplitude of eguation 2-34 can also be 
written in terms of nearside and farside components. 
The method for a complete description in terms of nearside and farside 
components within a fully guantal calculation was given by Fuller [ Fu 73, 
Fu 74, Fu 75 o. 1 Fu 75 b ] who considered both the Coulomb and nuclear 
amplitudes. Although originally defined only for the spinless amplitude of 
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equation 3-25 the formalism may be generalised to deal with the full 
amplitudes of equation 2-33. We shall first consider the decomposition 
into travelling wave components of the nuclear scattering amplitude in 
section 3.5.1 whilst the Coulomb amplitude will be considered in section 
3.5.2 .. 
3 .'5·.1 ｊＮｾ･ｧ･ｮ､ｲ･ ﾷ Ｎ＠ mlynomia1, decorowsition 
It was shown by Fuller that the correct decomposition of the Legendre 
polynomials with the asymptotic form of equation 3-26 can be expressed as a 
linear combination of solutions of the associated Legendre's equation. 
QLK (cos e)} 
Where the QLM (cos(8)) are the irregular solutions of the associated 
Legendre's equation, and the PLM(cos(S)) are the regular solutions 
3 .. 29 
[ Ab 70 J. The ､［ｾ＠ (cos (e)) can then be identified with the farside, and 
( +) (:t) 
the Q (cos (e)) with the near. Asymptotically these Q (cos (e)) behave 
LM LM 
as 
ｾ｜＠ tL\M Q- (cos e) --7 \ ) 
LM ｌｾｯｯ＠ (21\l Si" 9 1?-)'!,_ 
which, for m = 0 is equation 3-26. 
symmetry property 
JU-p 7. i.{ (L+ t)e-!- M[ ｾ＠ 3-30 
(±) 
The Q (cos(S)) {X)sses the important 
L.M 
3-31 
which ensures their analytic continuation around 0 and 180 degrees. 
The scattering amplitude of equation 2-33 can then be expanded in terms 
- ------------- ----, 
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of its nearside and farside components as 
N/F f Ｈ･Ｉｾ＠ -.1 L ＨｌＧｍｾｉｍｾ＠ ｊＺｲｍｲＩｻｌｏｉｍＺｲＮｦＺｔｍｾＩ＠
M I M 2 l k: L L' M I .T M " 
:t 'I t.. T 
e ｾＨ＠ (Yl.. +crt!) tt' (-) ｍｾ＠ [ ( L I- M ｾＩ＠ ! ] 'h ( s::r- I ) Q-/ + (cos e) 3-32 
( L I + M I) I L' L L1 M I L. , 1-
-3 .s·. 2 Coulomb . decomwsition 
It might naively be expected that the repulsive nature of the Coulomb 
ｰｯｴ･ｮｴｩｾ＠ would lead only to a positive angle deflection, so that the 
Coulomb amplitude would be unchanged from that of equation 2-34 for the 
nearside, and absent for the farside. Indeed near 9 = 0, a singularity in 
the Rutherford scattering amplitude of equation 2-34, the nearside 
component of the Rutherford amplitude is virtually that of the full 
amplitude, whilst the farside component is extremely small, diminishing 
with increasing 7 . At larger angles however the nearside component is 
reduced, and the farside component becomes comparable with it. 
By insisting that the nearside and farside components of the Rutherford 
amplitude are equal at 180 degrees, and that they should have the same 
ＨｾＩ＠
analytic form as the Q LM (e), Fuller was able to decompose the Rutherford 
amplitude. The two branches can be expressed as 
3-33 
and 
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where S(9) is given by 
3-35 
F(a,b,c;d) is the hypergeometric function [ Ab 70 ] for complex argument, 
fG (9) is the Rutherford amplitude given in equation 2-34, the other 
quantities being defined there. 
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Near 
Figure 3.11 Schematic representation of the classical 
nearside and furs ide contributions. 
Far 
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·3 ,•5-,3 Decomposition of o the I scattering I Amplitude 
Sections 3.5.1 and 3.5.2 thus define the nearside and farside 
components of the nuclear and Coulomb scattering amplitudes of equation 
2-33. The complete amplitude is the sum of these components, viz 
3-36 
It must be emphasised that the nearside I farside decomposition is only 
interpretational; it does not correspond to physical observables. The 
decomposition however does give useful insights into some details of 
nuclear reactions, and does allow one to make predictions based on physical 
arguments. 
The implications of the decomposition for the spin dependent 
observables can be seen most clearly in terms of the Booton Johnson 
[ Bo ＷＱｾ｝＠ decomposition of the scattering amplitude, which displays the 
underlying tensorial structure of the scattering amplitude fMit{ e). In 
general the square matrix f 1 (9) can be expanded in terms of the 
M'l M'l 
irreducible tensor operators ｾｾｾ＠ introduced in section 1.2. From the 
expansion used in section 1.2, the matrix of scattering amplitudes can be 
written as 
t, (e)=L ＱＨｔｍｾ＠ tty! ｉｍ［ＺＩｦｾｾＮ＠ (e) 
M'I Ml. A._} '\--
3-37 
where k times the Clebsch Gordan coefficient is the value of 
evaluated in the ) IM 'X > basis. 
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Explicit formulae for the ｦｾＨＹＩ＠ can be obtained by reordering the 
coupling of eguation 2-30 to give, within the Madison convention coordinate 
system, 
h C e)= -.' L ( L' <lr LOI Rcy) (-t"'t!,.t[( L-lft1_!] 'h 5 ｾ＠ P, (cos e) 
k.cy l"K LL' ＨｌＭＫｾＧＩＡ＠ L.L r..1t 3-38 
Here the Kronecker delta& arising from the Clebsch Gordan coefficient 
'}Mt..J 
has been used implicitly to forge a link between the index of the 
associated Legendre polynomial and the index of the irreducible scattering 
amplitude. The S ｾｌＧ＠ are given by 
5 ｾ＠ = t_ j1- (-{ -L'-r. W ( Ll1 L I· k.:T) [e L(t1t.. -t ｾｾ＠ )J [sJ" - 1] 3-39 
L1 L :r LI J L'L. 
Within the Madison coordinate system the ｦｫｾＨＹＩ＠ satisfy the same symmetry 
relations as the ｔＬｾ｡Ｌ｟＼･Ｉ＠ of section 1.2, in particular f 10 (6) = 0 and 
f 11 (e)= -f,_,(e). 
Since the spin dependent forces are much weaker than the central terms 
we may appeal to the arguments of perturbation theory to treat these 
forces. From first order perturbation theory there is a direct 
correspondence between the rank k of the f k.cy (9) and the rank of the 
potentials present in the interaction between the colliding nuclei 
[ Jo 70 ]. 
The interaction of a spin one projectile with a ｳｰｩｮｬｾｳｳ＠ target permits 
second rank tensor forces, which have been ignored in the calculations 
presented here, and second rank effects arising from terms guadratic in the 
spin orbit force. These guadratic terms are negligibly small in comparison 
to those that are linear in the spin orbit force. 
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Ignoring any tensor forces or terms quadratic in the spin orbit force 
the vector analysing power can be written as 
3-40 
where ｾＨＹＩ＠ is given by 
a;; (e)= L l h._ Ce)/,_ 3-41 
k"" ｾ＠
This expression is, of course, exact for the spin 1/2 t'l F + 28Si system. 
The results of the calculations presented here do not make this truncation 
and include the small second rank forces arising from channel coupling and 
the spin orbit potential acting quadratically. For the purpose of 
dicussion the arguments may be seen more clearly if these are neglected. 
Their inclusion produces no appreciable changes however. 
The scattering of the spin 3/2 7 Li projectiles allow vector, second 
and third rank tensor forces. Assuming again that terms acting 
quadratically can be ignored, the ｔｬｾＨＹＩ＠ can be written as 
3-42 
In the nearside-farside decomposition, the f 00 (9) have two components, 
arising from the replacement in equation 2-32 of the Associated Legendre 
(:t) f-l/ f 
polynomial by the Q ｾｍ＠ (9) , and the addition of f Cou..l (9') to the k = q =0 
term. The nearside-farside decomposition is most useful when one of the 
two central components f 00 (9) is dominant. A major contribution to the 
k = g = 0 term comes from the decomposed Rutherford terms. The nearside 
branch is much larger than the far for small angles and large ｾ＠ and k 
values. The decomposition was performed by modifying the computer code 
-- --1 
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CHUCK3. Details of the modifications, and checks are discussed in appendix 
E. 
3 .5-. ·4 Results 
The results of performing this decomposition are shown in figures 3.12 
to 3.16. Figure 3.12 shows the cross section and vector analysing power 
for a two channel 6 Li + 16 0 calculation. The solid curve corresponds to 
the full amplitude, the dashed the nearside component and the dotted the 
farside. Figure 3.13 is the result of a two channel calculation for the 
elastic scattering of ' Li from ｾｓｩＮ＠ The solid cross section curve is 
again the full amplitude, the dashed the nearside component, and the dotted 
the far. The vector analysing power curves are discussed in more detail in 
section 3.5.5. Figures 3.14 and 3.15 show decomposed observables for 
7 . ﾷｾＰ＠ . L1 + Sn scatter1ng. The solid cross section curve is again the full 
amplitude, the dashed the nearside component, and the dotted the farside. 
The spin dependent observables are again discussed in the next section. 
The curves correspond to a two channels calculation, with a renormalisation 
factor of 0.5 applied to all of the interactions. Figure 3.16 shows the 
results of a two channels calculation for the elastic scattering of 'qF 
from 18 Si. The solid curve is again the full amplitude, the dashed the 
nearside component, and the dotted the farside. 
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3 .5·. 5 Discussion . of . result§ 
Figures 3.13, 3.14, and 3.16 clearly show that for the heavier systems, 
& L · '-9 s · ,q F 29s · a 7 · t:a.o th 1 · · 1 + 1, + 1 an L1 + Sn e e ast1c cross sect1ons, as 
ratios to Rutherford, are nearside dominated, Therefore we can reasonably 
N 
replace f 00 (8) by f 00 (8) in equations 3-40 and 3-42. The nearside 
components of the scattering amplitude, both nuclear and Coulomb, 
asymptotically behave as exp(-iLS). Given this replacement, equation 3-40 
for the vector analysing power can be written as 
The quantities plotted for the vector analysing power correspond to 
this equation, the "nearside" term being f :0 (9) ｦｾＧｾ＠ (8) and the "farside" 
f'J ｆｾ＠
f 00 (e)f 11 (8). Similarly equation 3.42 for the tensor analysing powers 
can be approximated by 
3- 44.. 
The difference in the appearance of the "nearside" and "farside" spin 
dependent observables can be easily understood. For simplicity we shall 
consider the classical case in which one L value dominates the reaction. 
1'1/F 
The f lt'tt (e) contain the L dependent phase factors of equation 3-30. In the 
term in which both of the f R'}l (8) are from the nearside, the phase factors 
cancel since one of them is complex conjugated in the definition of the 
vector and tensor analysing powers. In the cross terms involving the 
central nearside component and the spin dependent farside one, the phases 
add, The terms involving only nearside components thus have a smooth 
appearence, whilst the cross terms are oscillatory in nature, the period of 
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the oscillations being twice that of the contributing partial wave. 
This decomposition is most useful for discussing the observed nature of 
• ｾｉｆ＠
sp1n dependent observables when one of the central f 00 (9) is dominant. 
This condition is easily satisfied by the cases studied with 'l.iJ Si and rao Sn 
as targets. The comparable magnitude of the nearside and farside central 
f th {, . lb • • th unh f f components or e L1 + 0 system, as 1nd1cated by e Fra o er type o 
cross section, render the consideration of its vector analysing power in 
these terms far less fruitful. 
ｾ＠
It might be thought that, since in the heavier ion cases f 00 (9) is 
much larger than f ｾ＠ (8), the same ratio would apply to the vector and 
tensor ｦｾ＠ (9) terms. From the explicit calculations prsented in figures 
3-13 to 3-16 this is clearly not the case. The fA' (9) termsarise from 
the difference of amplitudes for different spin orientations, so that 
although the amplitudes may be very different in magnitude, their 
differences may be comparable. Also the spin orbit interaction acts mainly 
at a radial separation of the two nuclei at which the surfaces are just 
touching. From figure 3-11 the farside component has a trajectory, in a 
classical sense, in which this surface contact is maintained for a longer 
path than the near side component. The spin orbit potential is thus able 
to act for a greater part of the important section of the trajectory, and 
hence have a stronger effect. 
The actual appearence of the vector analysing power and second and 
higher rank analysing powers depends subtly on the potentials, both central 
and spin dependent between the colliding nuclei. A general rule however, 
for a fixed spin orbit potential, may be discerned from the arguments 
92 
presented aboveo The farside ｦｾ＠ (9) may be supressed by the inclusion of 
a large amount of surface absorption. The appearence, or absence, of 
oscillations in experimentally observed analysing powers for a reaction in 
which the cross section is Fresnel in appearence can be used as a guide for 
optical model practitioners. 
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Cbapter· .·4 
:Ll. Int-roduction . to. the I transfe-r I ·reactions 
Due to experimental limitations it is not possible to obtain polarised 
beams of Ｑ ｾｆ＠ projectiles. Hence the predicted analysing powers and the 
effects of the inclusion of projectile excitation for the '4 F + l& Si system 
cannot be compared against data. It has however been suggested [ Ku 77 ] 
that certain transfer reactions induced by '" F on 26 Si require large spin 
orbit forces in the entrance channel in order to reproduce the experimental 
data. The particular reactions considered are the transfer of three 
nucleons from the incident '"' F projectile to the .ao Si target, 
2B Si ( tq F, ｲｾ＠ O) 31 P, leading to the residual 31 P nucleus being in the 1/2 + 
ground state, 3/2-+ Eel!. = 1.27 MeV firs't excited state, and the 5/2-+ Eel,.. = 
2.23 MeV second excited state. 
Since the mechanism of projectile excitation was shown in chapter 3 to 
generate an effective spin orbit potential between ,q F and :te Si it is 
interesting to see whether this mechanism offers a means of explaining the 
experimental data. 
The present chapter will be concerned with the development of the 
formalism and models required to describe the transfer reaction, in which 
an inert triton is transferred from the incident 'qF projectile to the 
target in a single step. The reaction will be analysed using the Distorted 
Waves Born Approximation, or mBA. Inclusion of the inelastic excited 
channels in the entrance partition will be deferred until chapter 5. 
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The transfer reaction will be described using the extreme cluster model 
previously employed, representing 'qF as a triton bound to ｡ｮｾ＠ 0 core, and 
the ｲ･ｳｩ､ｵ｡ｬｾ｜＠ P nucleus as a triton bound to the target 28 si, as was 
discussed in section 1.2. In order to maintain consistency with the 
preceding work, and to avoid the ambiguities inherent in optical 
potentials, the folding model will be used throughout the following 
analysis to generate the interaction potentials acting in the incident and 
outgoing channelso 
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figure 4.1. Coordinate system used to describe 
the transfer reaction ａｻ｡ｾ｢Ｉｂ＠
96 
ｾ＠ Distorted .Waves ｂｯｲｮ Ｎ ｾｰｲｯｸｩｭ｡ｴｩｯｮ＠
Although lacking a rigorous theoretical basis, the DWBA offers a widely 
and successfully used prescription for describing direct nuclear reactions 
[ To 61, Au 64, Sa 64, Au 70 ] • In analogy with equation 2-16 an ansatz 
form for the wave function describing the system can be written as 
cp( X"' ):.B ,() Kb:R. .. , Qb)= UA o< .. ,t )¢Jx,..) -t-UB cKb,e.b )cjJ8 ( ::xB) 
4-1 
where the ¢A (xA) ( ｾｂ＠ (x8 ) ) represent a product of the internal wave 
functions for the nuclei in the entrance ( exit ) channel. Because the 
incoming and outgoing channels correspond to different mass partitions of 
the available nucleons, ｴｨ･ｾＮ＠ (x.) are not orthogonal to each other. Also 
'f/v c. 
ｾ＠ ..l.. 
the relative functions o. (K· ,R·), in contrast to the earlier work with ｾ＠ " (, 
inelastic channels, are not refered to the same coordinates. The 
｣ｯｯｾ､ｩｮ｡ｴ･＠ system used to describe the rearrangement reaction is shown in 
figure 4.1. Ignoring for now the presence of Coulomb forces, which may be 
included in the same manner as indicated in section 2.2, the asymptotic 
....... .J.. 
forms of the ｕｾＨｋｾＬｒｾＩ＠ are 
-l -l 
t.Ko_R.o... ｾ＠ ｾ＠ ＼ＮＬｋｾＮ＠ R.tA. 
-+ ﾷｌｊ･ｾ＾Ｍｽ＠ｕｾＧ＠ ( Ka.)RG\.) ｾ＠ e 4-2 e ｒ｡Ｎｾｯｯ＠ Ra... 
ｾ＠ --l. fs..Jea) ct<bRb UB( Kb) Rb) ｾ＠ e 4-3 ｒ｢ｾｾ＠ Rb 
The ansatz wave function of equation 4-1 satisfies the time independent 
Schrodinger equation 
4-4 
------------- ---------------------: 
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The Hamiltonian can be written in the the two equivalent forms 
4-5 
H bB 
-= H b -+ H a + T ｾ＠ + v c ｾＩ＠ + V 6 c ｾＩ＠Rb ｾ｢＠ o. 4-6 
appropriate for the entrance or exit channel respectively. The coupled 
reaction channels equations for the transfer reaction can be obtained in 
analogy with the derivation in chapter 2. Multiplying equation 4-4 to the 
left by ﾢａｾＨｸａＩ＠ or ¢:(x 6 ) and integrating over the appropriate internal 
coordinates leads to the following equations: 
J d:x:" ¢.._\x,..J[ f -H] U/Ko.,it.J ¢A ( xA) =jcl:xA¢, • .'" {:x,..) (K- E) U.a ( ｾ｢Ｉｾ｢Ｉｱｩｾ＠ (:x8) 
4-7 J d::x:e. ｾｴＭＨ＠ :x8)[E-f4J Ue,(Kb, f;!b')(i58 ＨＺｸＮｾ］ｓ＠ ｣ｴＮＺｸＺ Ｘ ﾢ Ｖ ｾＨ＠ -:x8)( H-E) U1J ＢＨＬＩｾ＠ ... ) ¢,., ＨＺｸｾＩ＠
4-B 
ｾ＠ ..l. 
where the integrations over dxflt. and dx8 are performed with fixed ｒｾ＠ and Rb. 
Using the appropriate forms of the Hamiltonians in these two equations, the 
following coupled equations can be obtained: 
[{ E- [a.- E,.,)-T;A - <(A I V-x.,.. + Vba.l A>] u,.. ( ka., "QJ = 
"" j d:x:A c{" ( x.") (H-E) u .e. ( Kb, R 6) ¢8 ( :x:8 ) 4-9 
[ ( E- Ev- [B) - T ;: - <B I vxh-t vbo.l B > J u & ( i(b) t b) 
f d:x:B ¢8\ :x&) ( H -f) UA CKo.) R ... ) ¢A (.x. ,..) 4-10 
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In analogy with the techniques used in section 3o4 the second equation 
can be formally solved to yield 
U5 ( f 6 , Rb) = J dg81 ｇＨｒ｟｢ Ｑ Ｉｾ＠ 6) J cb:8 ¢8* ( xe) 
ＨｈＭｅＩﾢｾＨｸｾＩ＠ ｵｾ＠ ( Ko.)Ra..) 4-11 
where G ＨｒｾＬｒ｢Ｉ＠ is the coordinate representation of the inverse of the 
operator appearing on the left hand side of equation 4-10o 
The solution of equation 4-11 with the Green's function given in 
4-12 
equation 4-12 is dealt with in many standard texts [Me 62, Ro 67, Au 70 ]o 
For large Rb the asymtotic form can be written as 
-i ...L 
where R b has been allowed to tend to ｩｮｦｩｮ｟ｾｴｹ＠ along Kb, the ejectile •s 
detected direction, and JUe is the reduced mass for the outgoing nucleus. 
X. i->"" (Kb ;Rb) satisfies the relation 
where )((+) 
8 
ＨＭＩｾＨｾ＠ -..:.. (+) __\. __\. X8 K b) r< b) == x a (- I< b, r< b; 4-14 
ｾ＠ ｾ＠
(K0,Rb) is the distorted wave for elastic scattering in the 
outgoing channelo It satisfies the homogenous equation for the outgoing 
channel, equation 4-10 with zero on the right hand side. 
4-15 
L--------------------------------- -.... 
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By comparing equations 4-13 and 4-3 the transition amplitude can be 
identified as 
fsA cKb, k,.) =: ( ＭＲｾｾＱ｟Ｉ＠ I ｣ｈｾ＠ 8 ｸＺＭＩｾＨｋ｢Ｌ＠ Rb) 
j dx.13 ¢8*{::r) (H-E) 9{J:<) UA (k.,.)t_) 
It is conventional to work with a renormalised transition amplitude, 
defined by 
/" /\. - - 2lft\1. f A /\ ｾａ＠ ( K b) k,J - f>A ( k: b, K 0.) 
f'B 
The transition amplitude is thus defined by 
TB,_ (I<> K:J = J c{{b J d:x:B )( ｾＭＩＣＨｩＨ｢＠ ,Rb) J3' s:l< (.xB) 
4-16 
4-17 
(H-E) .¢A ( x,,) UA (l(, Ro.) 4-18 
The Hamiltonian appearing in this expression can be written in the form of 
equation 4-6, and allowed to operate backwards on the product 
X(-)* ..... ｾ＠ ｾＪ＠8 (Kh,Rb) r 8 (x 8 )o Since the bound state wave functions represented by 
¢8 (x8 ) fall off rapidly with increasing separation any surface terms that 
appear can be ignoredo The operators H b and H 13 simply yield the eigen 
energies of the nuclear states. From equation 4-15 
Equation 4-18 can be written 
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Within the limitations imposed by the adoption of the ansatz wave 
function this expression is still exact. In order to reduce this 
expression to the DWBA expression for the transition amplitude the 
following approximations are made. 
,_), ｾ＠
1) Replace the function UA ＨｋｾＬｒｾＩ＠ by the elastic scattering function 
(-t) ｾ＠ -l. for the entrance channel,)( (K ,R ), which satisfies 
ｾ＠ C). q., 
2) Replace the interaction that appears between the nuclear wave 
functions ¢c (xJ by the binding potential vb:x.(r,). 
ｾ＠ ｾ＠
The replacement of OA (K ,R ) can be achieved by disregarding the right 
0.. ｾ＠
hand side of equation 4-9. The cross sections for the transfer reactions 
are fairly small, so that in a sense coupling between the entrance and exit 
channels is relatively weak. The effects of back coupling on the elastic 
channel, which is second order in this transition, would thus be expected 
to be very small. The first approximation is therefore easily justified. 
The second of these approximations however is not so easy to justify. 
Essentially the replacement assumes that 
4-22 
Although this may not seem valid, for example the coordinates of the 
two components differ, it will be justified a posteri. We may be guided by 
calculations using optical potentials to obtain the distorted waves in the 
entrance and exit channels. In this case the interaction that appears in 
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equation 4-20 is 
) 
Opt Ope vb ( ｾ＠ -r v ( r) - v ( t<. b) 
x ｢ｾ＠ bB 
4-23 
In, for example, A(d,p)B reactions, where much of the development of 
the DWBA has been concentrated, the optical potentials are those between a 
proton and a nucleus with A nucleons, and between a proton and a nucleus 
with A+l nucleons. The cancellation of the second two terms in equation 
4-23 is thus reasonable. Using the same approximation it is possible to 
accurately describe a variety of heavy ion transfer reactions, so that 
although difficult to justify theoretically, the approximation at least 
provides a convenient and simple means of describing transfer reactions. 
The validity of this approximation has been considered in some detail 
[To 73, De 74, De 75, To 76, Na 76 ]. The conclusion of their work is 
that the transfer cross sections are largely unchanged by the inclusion of 
the full nuclear interactions. This result is reasonable since the 
evaluation of the matrix element involves an integration over r 1 and the 
potential Vbx.. (r 1 ) and the function cfA (r, ) have a good spatial overlap. 
This term would thus be expected to contribute most to the overall strength 
of the matrix element responsible for coupling between the incident and 
exit channels. 
Until now we have considered only nuclear potentials to be present. In 
analogy with equation 4-23 there are three coulomb terms inside the matrix 
element 
4-24 
The references cited above find that the cancellation of these 
Coulomb potentials is not so 
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valid, but the change is largely just one of magnitude in the predicted 
cross sections, the inclusion increasing the cross section by a factor of 
about two. Since the concern of this present work is in the structure of 
the cross sections rather than their absolute magnitudes, and we are not 
considering Coulomb excitation, this is not relevant. The results 
presented later in this chapter indicate that the use of a consistent 
folding model and the assumption of the cancellation of equation 4-22, 
offers agreement as good as that obtained using optical potentials, with 
the assumption of the cancellation of the last two terms in equation 4-23. 
Using these two assumptions the VNBA transition amplitude can be 
written as 
T (K K ) = J dg Jd:x: xc-)"(kb,Rb) rj:(:xe) BA b) o. b 8 8 ｾ＠
Vbx ( tj) yiA ( x....) X"' ( j(o., itJ 4-25 
The symbolic functions ﾢｾＨｸｾＩ＠ can be written in terms of their cluster 
model descriptions as 
4-26 
4-27 
Integrating over the internal coordinates of the clusters, which are 
assumed inert, equation 4-25 can be written as 
T ( K K ) = e ( bx : A.x) Jd ｾ＠ Jdr
1 BA b > o.. . b 
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which is adopted as the model used to describe the transfer reaction. The 
factor ｾＨ｢ｸＺａｸＩＬ＠ called the spectroscopic factor, has been included 
[ El 69, Cl 73 ]. This factor is a measure of the extent to which the 
participating nuclei are decribed by the wave functions used, the 
spectroscopic amplitude defined here includes any combinatorial factors 
that are present [Sa 83 ]. Spectroscopic amplitudes may be defined for 
the incident and exit channels separately as 
e (Tx) == I d.xT p ( ｾＩ＠ ¢HocAet ( ;):) 4 .. 29 
where ｾ＠ (x) is the actual many body wave function in the entrance or exit 
channel. The individual spectroscopic amplitudes cannot be measured, hence 
the overall factor 
e ( b:x. : Ax) - e (A :x.) e ( b :x.) 4-30 
is defined. 
In order to evaluate equation 4-28, which is expressed in terms of its 
natural coordinates, it is convenient to reexpress the six-dimensional 
--'" ...llo ｾ＠ -integral in terms of either ｒｾ｡ｮ､＠ Rb, or r 1 and r 1 • The arguments of the 
components of the integrand appear in a mixture of these variables. The 
first of the two choices will be adopted, namely Ro. and Rb. This choice 
makes it necessary to express the nuclear wave functions in terms of these 
variables. The transition amplitude can thus be written as 
where J is the Jacobian for the transformation from integrating over r2 and 
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....J.. .....\. ｾ＠
Rb to Ro. and Rb. Explicitly 
4-32 
Equation 4-31 thus defines the DWBA transition amplitude in general 
terms. This can be written in terms of the angular momenta of the system 
as 
T 
H:r ｾ＠ l. 
ｾ＠ a. 
4-33 
where the TMJ: 
The transfer cross section measured by a spin insensitive device, for 
an unpolar ised beam is then given by 
4-35 
In order to solve equation 4-34 two distinct components need to be 
evaluated. The first is the ､･ｴ･ｲｾｩｮ｡ｴｩｯｮ＠ of the scattering functions 
:t ｾ＠ ｾ＠
XM 'M 
:t :r. 
(K:r.,RI.) for elastic scattering in the entrance and exit channels. 
These distorted waves, in partial lt-lave form, can be obtained from the 
expressions in chapter 2. The seconc com};X)nent is the evaluation of the 
nuclear matrix element that apPears sandwiched between the two distorted 
scattering functions in equation 4-34a 
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The scattering functions will be considered in section 4.2.1. The 
nuclear matrix element, expressed in partial wave form and in terms of the 
coordinates Ra and R0 , will be considered in sections 4.2.2 to 4.2.4. The 
complete scattering amplitude will then be given in section 4.2.5 • 
.w..l. Partia1 .wave.expansion.of .the .distorted .waves 
The partial wave decomposition of the distorted waves X M "'., li (i{:z. ＬｾＩ＠
:z: :r. 
has already been introduced in section 2.2.2. The expansions will merely 
be restated, in terms of the quantum numbers such as angular momentum, that 
are appropriate for this section of the work. 
For the incident channel the distorted wave can be expanded as a sum 
over partial waves according to equation 2-29 as 
X :r; H ()("') R,}= t ｾ＠ L ( LQ. ML I ... M I IT"' M;r. ) ( l"' M ｾ＠ I(). M; /.T M.,_) 
M:r :r 0.. Ko. 0.. 0.. 0. 0.. <A. <A '-'G\. 
0.. ｾ＠
L :r. >t: /' /\ 
( L) a. X Lo..,.. . I 'I ( k.,_, 1<.0.) YL M ( K,._) \ 1-1 I ( Qo.) 4-3 6 
o...l.oJ '-Q. o.. o.. Lo. C\. ＯＮＮｾ＠
The sums running over ｌｾＬｍｾ＠ ＬｍｾｾＬｊｾ＠ and MTa. This form assumes that there 
are no tensor forces acting, and we have used the result of section 2.3.1 
that the total angular momentum ｊｾ＠ and its z comonent Mx are conserved. 
a. 
X 
The asymtotic form of the )c!L 1o.. . L l. (K ,R ) are given in equation 2-28 with Cl:OJC4t>.. 0.. C\; 
:ra, 
L" = L and I' = I. The partial wave components )( L. -r . L. I (Ko.. ,ROI.) satisfy the 
tl'.. C.,) Ct (;\ 
differential equations 
｛ｅＭＭＱｾＰＮＭ '{o...e(Q,J- ｖｌｊｾ＠ ·L /Qo-)] ｸＺｾ＠ ·L I (KQ.)RG\.)== 0 4-37 
Cl 0. o..> ｾ＠ 01. ()... o..> 0.. I:). 
The potentials V To.. (R ) that act in these equations will be discussed in La. IoJ ｌｾｲａＮ＠ o.. 
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section 4.3a 
The distorted waves for the outgoing flo 0 + 3 'P channel can be expanded 
by using the symmetry relation 
4- 3B 
ＴｾＳＹ＠
as 
4-40 
with the sums running over Lb,ML Ｌｍｾ＠ ,Jb ｡ｮ､ｾ＠ • The radial components of 
b b b 
the distorted waves satisfy the analogues of equation 4-37o 
[CE-Q-t:I8)- ｔｾ｢Ｍｖｕ＾＠ ((t<J-'{J; ·LT.(R.b)] ｸＮＮｾ｢Ｇｉ＠ ·LI (Kb,R.b) 
b "" l:> a> b P> b B) b e 4-41 
The asymtotic wavenumber for the final state under consideration is given 
by 
where Er is the excitation energy of the residual nuclear state under 
8 
4-42 
consideration and Q, the Q value for the reaction, is the difference in 
binding energies of the triton in the incident and exit partitions. From 
appendix B, Q has the numerical value + 5.797 MeV. 
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ｾ＠ Nuclear .matrix .element 
The matrix element in equation 4-34 acts as an effective interaction 
To.L-t-) 
for the transition between the scattering states XM I M a(,,,RQ) and 
-:rs lg.. 1:e.. 
ｾ＠ 'M (Kb,Rb)• Using the expressions in section 1-3 the matrix element can 
Mts 'la 
be written as 
In order to evaluate the integrals in equation 4-43 it is necessary to 
express this matrix element as a function of ｒｾ＠ and Rb. In obtaining 
equation 4-43 the internal coordinates of the clusters have been implicitly 
integrated over. 
We can express the fact that this matrix element remains a function of 
.....1. ..!> 
the coordinates Ra and Rb by writing 
( TB ｍｾ＠ I Vb)r.) \ IQ. ｴｶ｜ｾ＠ ) =II ""I . I M' ( Rb, (\ 4-44 
8 "'- B I 6 J Q.. Io.. 
It is convenient to expand this matrix element as a sum over multipoles of 
the transferred orbital angular momentum. 
4,2.3 Multjwle .aecomposition.of .the .nuclear .matrix .element 
It is convenient to recouple the angular momenta present in equation 
4-43 in terms of the orbital angular angular momentum that is transferred 
- lf2J8 
during the reaction. Defining 
4-45 
the expansion may be performed according to 
I I ｾ＠ _.\ ' ｉｾｍＮｉ＠ ( l \ r_M c- -" 
r K' . I M'( Rb>Ro.) =- L (-) Q. ｔｯＮＮＭｍｾ＠ "IBMI. LM) ｾｌｉ＠ I QbJRQ.) 
a :r.s> o.. I L o. 8 Q.:fb 6 M ｾｾ＠ ｾ＠ ｾＴ＠
where the G Ｈｒ｢ＬｒｾＩ＠ are defined by the inverse relation, which can be 
ｌｉｑＮｾ＠
obtained by using the orthogonality properties of the Clebsch Gordan 
coefficients, as 
G-M ｾ＠ ｾ＠ ( 1 { ) ( I -M' ＮＮｾＮＮ＠ ..l. 
LTI(R6>R(A)=-, L, ｾｍｔ Ｑ ｉ Ｘ ｍｉ＠ LM -) t\. ro.. IrM' ·I M' Ｈｒ｢ＩｾＩ＠ 4-47 
o.. 8 Mx" Hz.B -ct S S J:s) o. !"-
Recoupling the nuclear matrix element of eguation 4-43 according to the 
coupling scheme of eguation 4-45, the GLH (R0 ,RJ can be written as :-ro.."J:a 
where s is the spin of the transferred triton cluster. 
c? ( ｾ＠ ｾ＠ \ - L B Q,_£, H M ( R R \ 
LI I r< b) RO\) - L I ..,. L Jl 11. b ') 0\ ) ｾ＠ e, J.lJ.l. o.. ...1..8 ). I 
Q ｾ＠The factor B ｾ＠ ' has been implicitly incorporated into the overall 
L'ItA Is 
ｾＴＹ＠
spectroscopic factor 8(bx:Ax), and will not be considered further. The 
HM Ｈｒ｢ＬｒｾＩ＠ is a function of six variables, it can be expanded in terms 
L Jl.J J.7-
of the spherical harmonics in Rd and Rh as 
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M 
where the ｈｌｾｾｾ＠ Ｈｒ｢ＬｒｾＩ＠ has been defined so that it rotates as the 
conjugates of the spherical harmonics for later convenience .. 
ｾ＠ eoordinate .transformation 
It is necessary to express the functions which appear in equation 4-49 
as functions of their natural coordinates in terms of the channel 
coordinates R (}...and Rb. From figure 4 .. 1 the coordinates present satisfy the 
relations 
...),. ｾ＠ｾ＠
s, R.o. 4-51 a r, -::::. + t Rb I 
-""' ｾ＠ｾ＠
r2. .:=. s.2. Ro.. -r- tlJ<.b 4-51b 
where 
s, o..B t-
-bB 
:=. := 4-52a 
xT I :x.T 
and 
sl. 2! o.A. t = -a.B 4-52b --
:xT '). .:x.T 
with T= (CA-t-A) = (6 + 8) 4-52c 
This transformation can be performed by introducing the functions 
4--53 
and the solid spherical harmonics 
4-54 
There exists a transformation between solid spherical harmonics which are 
- 110 
functions of variables that are linked via a linear combination as in 
equation 4-51 [ Mo 59 ] 
ｾ＠ A \ ｾ＠ -"'-I ( Ｒｾ＠ )yl ( )Q-). ( \A ( y1IVI ( '(') "'".\L ,/ 4-lf A 2).. s Ro. 1: Rb) 
t-t 
(Q -;A. ｲｶｾＭｴＢ＠ ａｾＡ＠ Q m) ｾＭａ＠ YY\-rJRJ 0.,f/RbJ ｾｲｳｳ＠
where the sum over A runs from zero to 1 and(g)is the binomial 
coefficient, defined by [ Ab 70 ] 
(j) = :x.! 4-56 
ｾ＠ ｾ＠ ｾ＠ ｾ＠
The r, and r 2 are expressed in terms of Ro.. and Rb and the angle between 
them using the vector relations 4-51 and equation 2-44. After some lengthy 
ｌｦＡ＾ｾ＠Racah algebra the ｨｌｾ＠ ｾ＠ (Rb,Ra.) can be written as [ Ta 74a.., Sa 83 ] 
2. I 
4-57 
where 
n,JRb,R,_) "' ｾｊＧｰｫ＠ (cos R)b}W.(r,)Wl.(r2 ) ｾＩｲＬＩ＠
-l 4-58 
...__ _________________________ ·····-·- -
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If 11 and/or 1 2 are zero then this expression simplifies considerably, 
however we maintain the general expression for later convenience. 
4,2"5 J?a-rtial .Wave.expansion .of.tbe.Transition.AI\1plitude 
A complete prescription for the evaluation of the transition amplitude 
in partial wave form may now be given, using the expressions given in the 
preceding three subsections. The transition matrix elements of equation 
4-34 may be written as 
(I,_- ｍｾＢｉ Ｘ＠ ｾｾ＠ LM) (Lc..ML,I.._M:c.,.l ｾ＠ MJ"J (La.. ｍｾｾ＠ I,_ ｍｾＮｊｊＮＺＮ＠ M:r.J 
(Lbt-\ IB-MI ｜ｾｍＺｲＮＩＨｌ｢ｍｾ＠ ｾＭｍｾ＠ \:TbMj )j ､ｒｾ＠ '{ M' ＨｒｃａＩＧＯｌＪｊｾ＠ .. l 
b B b b B b o.. L.o. ｾﾷ＠ bt 
JdRbYL M' ('Rb) y: M ＨｾｨＩｦｦ､ｒＬ｟､ｒ｢＠ Rb ｘｾ｜＠ . L I Ｈｋ｢Ｌｒｾ＠ ｨｾｬｾ＠ (Rb,R..) b l..b ｾ＠ {!> ｾｊ＠ b B > b B 'l \ 
RIA ｸｾ［＠ ·L I Cl<o-J<J ｾ＠ *'H ('K"J \: c £b) 
o.. G\> ｾ＠ Ci\ 0.. LOI. b Lb 
' I I I 
where the sums run over Lo.. ,M L.o. ,MI-l). ,Jo.. ,MJ(A ,Lb ,ML.b ,ML.0 ,Jb ,M'-o ,L,M,ll and 12 • 
LpLc-(. The ｨｌｬｾｩ•＠ Ｈｒ｢ＬｒｾＩ＠ are defined by equations 4-57 and 4-58. The 
integrations over the angles of ｒｾ＠ and Rh can be performed immediately to 
give ｾ＠ g S , ｾ＠ . Many of the sums present in this expression 
LtALo( L bl(A ML&:>Mf3 ｍｌｾ＠ Mo£ 
are limited in range for the particular reactions considered. A lengthy 
part of the numerical evaluation of this expression is the evaluation of 
....\, --"' 
the double integral over the magnitudes of the vectors Ro.. and R.b, 
particularly since these are required for all of the ｾ＠ , Lb combinations 
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that are permitted by the conservation of total angular momentum. The 
ranges of the integrals are from zero to infinity for both variables. From 
eguation 4-Sla Rb can be written as 
4-60 
Since the two functions that appear in the radial coordinate r , the 
binding potential and the bound state wave function both tend rapidly to 
zero for large r 1 values, there are regions of RCA. R b space that contribute 
zero to the integral. Thus, without approximation, the limits of one of 
the variables present in the double integrations may be truncated to be 
near the value of the other variable. The region of Ro.. R b space over 
which the integration is performed is indicated in figure 4.2 .. 
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Ra 
Figure4.2 The contributing area of R0 Rbspace . 
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:L.:l Distorting.potentials 
Within the DWBA the distorting potentials in the incident and outgoing 
channels are taken to reproduce the elastic scattering in the two channels. 
The incident channel distorting potentials will be taken to be those used 
to describe the elastic scattering of Ｑ ｾ＠ F from ｾ Ｙ ｳｩ＠ at 60 MeV discussed in 
section 2.3. The real and imaginary central potentials are defined by 
equation 2.86. The spin orbit potential between the two nuclei is defined 
by equation 2. 87. The cluster target potentials, tal{en as input for the 
folding procedure are discussed in section 2.3, and are defined in appendix 
B. 
In order to maintain consistency the folding model will again be used 
to obtain the distorting potentials in the outgoing Ｑ ｾＰ＠ + 3 'P channel. 
Since the primary interest is in entrance channel effects we shall adopt 
the simplest description for the outgoing channel. By comparing figures 
2.1 and 4.1, R D can be identified with R, and rl. with 'f. The situation 
differs in some respects from that for the incident channel however. In 
particular the spin in the outgoing channel is now carried by the residual 
ｾ＠ ...lo 
nucleus. Available computing codes do not consider L.I coupling between 
orbital angular momentum and target spin, hence any spin orbit forces 
present will be neglected. The channels which leave the residual nucleus 
in an excited 1 = 2 state also permit the possibilty of reorientation terms 
that couple partial waves in the outgoing channel. These will also be 
neglected. The distorting potentials in the outgoing channel will thus be 
taken to consist of central terms only, namely real and imaginary nuclear 
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and real Coulomb. With the assumption that there are no spin dependent 
forces acting in the outgoing channel the z component MI is conserved and 
s 
hence equation 4-59 simplifies slightly. The Coulomb potential between the 
lb 0 and 3' P nuclei is taken as the standard form of appendix A, with z, = 8 
and z2 = 15. 
In order to perform the folding model calculations the triton- tbo and 
26 Si - l&o cluster - target optical potentials are required. The relative 
kinetic energy between the Ｑ ｾＰ＠ and 28Si clusters is reduced from that in 
the incident channel because of the change in binding energy of the triton 
cluster to the respective cores in the two channels, and ｾｨ･＠ excitation 
energy for transitions leading to the 1 = 2 states of 31 P. Despite this 
the same 'bo- 26 Si optical potential that was used as an input for the 
folding procedure in the entrance channel will be used again in the exit 
channel. The best optical model fit for the elastic scattering of tritons 
from Ｑ ｾＰ＠ at an appropriate energy is that performed by Pullen et al 
[ Pu 64 ]. Within the context of the present calculations their analysis 
has some undesirable features. Due to the difference in the masses of the 
clusters the folded potential is dominated by the lighter cluster's 
potential, particularly for large separations along the channel coordinate 
Rb• All the real potentials between the triton and 1•o and the triton and 
lB Si clusters used in this work have the common feature that they are 
fairly deep, that is about 50 MeV per triton nucleon. The analysis of 
[ Pu ｾＴ｝＠ however yields a real triton- Ｑ ｾＰ＠ potential that is shallow. 
The real part of the triton - Ｇｾ＠ 0 optical potential should ideally be 
similar to that which binds the two clusters in the entrance channel. In 
the absence of an imaginary potential between these clusters, the triton 
would experience a large and unphysical change in momentum whilst 
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transferring between these two potentials. 
In order to obtain reasonable consistency for the potentials used the 
optical model search code ATHREE [ Au 78 ] was used to obtain an optical 
model potential between the triton and Ｑ ｾＰ＠ which had a real part with a 
depth of about 50 MeV per triton nucleon. The results of the search code, 
and the resulting optical model potentials are given in appendix B. The 
optical model search was made adopting starting values of V0 = 150 MeV , 
r0 = 1.25 fm and a0 = 0.65 fm for a Woods-Saxon potential defined in appendix 
A. These parameters were allowed to vary slightly in the search. The 
imaginary potential was treated as essentially arbitrary, and allowed to 
vary freely in order to reproduce the cross section of Pullen et al. A 
calculation using the optical potentials of [ Pub4] was used as the input 
data to the search code. The resulting optical potential set was checked 
using the code CHOCK3. The two codes were in excellent agreement. 
100 -
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Figure 4.3 1/2+ DWBA transfer cross section. 
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Figure 4.5 5/2+ DWBA transfer cross section. 
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:LA Preliminary I Results I and 'Discussion 
The preceding sections offer a complete definition for describing the 
transfer reactions '"F( 28Si, 3 'P) 'bo leading to the final states 1/2-t- g.s, 
I -t + 31 3 2 1.27 MeV and 5/2 2.23 Mev for the P. The calculations were 
performed using the computer code TWOFNR [ Ki ] and the calculations were 
checked against the code FRESCD, good agreement being obtained. The 
results of these calculations are shown in figures 4.3 to 4.5 for the three 
final states considered. The spectroscopic amplitudes for the three curves 
were obtained by scaling the calculations to agree with the data for the 
first peaks. It is clear from these graphs that the theoretical curves are 
in very poor agreement with the experimental data. This suggests that 
there may be something wrong with the models or parameters used to describe 
these reactions. Since we wish to work consistently with the models that 
have already been used successfully for the elastic calculations the latter 
case will be considered. Although the overall interest is in the effects 
of projectile excitation its inclusion is unlikely to have a sufficiently 
strong effect on the transfer cross sections to overcome the poorness of 
the agreement with the experimental data. 
Considering figures 4.3 to 4.5 the most obvious discrepency between the 
calculations and the data is the appearance of a 'hump' with increasing 
angle for the L = 0 transfer. The shape of the calculated cross sections 
is reminiscent of the 'bell shaped' transfer cross sections obtained from 
light ion induced transfer reactions, rather than the sharply falling 
diffractive heavy ion type that is suggested by the data. There has been a 
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suggestion [ Fo 80 ] that the 'cosh' potential used to bind the triton in 
the projectile is not appropriate for use within the DWBA theory. In order 
to see why this may be so we can make the following arguments. 
·4 .4.1 Plane·. wave . Born . Approximation 
Due to the larger masses involved in heavy ion induced reactions the 
linear momenta of the reactants is increased in comparison to light ion 
induced reactions. There is thus an increase in the possible momentum 
transfer between the projectile and ejectile. If, for discussional 
purposes the distorting potentials are neglected, then the transition 
matrix elements of eguation 4-34 reduce to 
T(Rb,k,.) =J6(bx:A:.:JJ}ct(dfZbe..;_Kb.Rb(I MxiVb,{r.)\-:to.M:t ｊｾｾｫｩａｒＮＮＮ＠
8 B ｾ＠ 4-61 
where the spin degrees of freedom have been dropped since, in the absence 
of any spin dependent distorting potentials,they remain constant. The 
vector relations of eguations 4-49 may be inverted to give 
4-62a 
4-62 b 
Eguation 4-61 can be rewritten as 
ｾＢＢＢ＠ ｾＭＢＧ＠
T(l(b ,ka )-"1" 'e(b.x: A":lC.) \( ､ＮｴＬ､ｾ･Ｍｌｬ＼Ａｩ｜ｉ･ＮｍＭｲＮ＠ \ VJ.r,)l T,.M:r. )ei.K.,_·Ra. ｾｊ＠ g 0. 4·63 
where we have now chosen to perform the double integration with respect to 
""" --rl and r 1 • The Jacobian J' for this transformation is given by 
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The plane wave arguments can be manipulated by using equation 4-62 to give 
....),. ｾ＠ -l>. 
T ( Qb, K. .. ) ,::. Jte {b.x.: ｾＩ＠ JJ clr:- d.S. e L ( t<"- ｾ＠ Kb). r,_ 
ｾ＠ _,_ ....l. 
(I M \ V (r,) \I M ) e ｴＬＨｋ｢Ｍｾ＠ Ko.)· r, 
B I.8 b.x o.. Ｚｉｾ＠
4-65 
and,using the fact that for the L = 0 transfer both nuclei are in s states, 
where 
Defining the momentum transfers 
equation 4-65 can be written in the factored form 
T(Kb,Ko.\= ＺｲＧ･ｻ｢ｸＺａＺＺｾＺＧＩ＠ 5 dG_ Ｏｾﾷﾷｲｩ＠ ¢c,3'*{r2J Yo: crl. J 
ｊ｣ｩｾ＠ E'J ｾｾｾＭｾ＠ ¢o lq ＨｾＩ＠ ｾＰ＠ ( (\) 
4-68a 
4-68b 
4-69 
The plane waves can be expanded as sums over partial waves, according to 
4-70 
Using this expansion in equation 4-69 the transition amplitude can be 
written 
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The integrations over the angles ｯｦｾｾ＠ and ｾ Ｑ＠ are simply the 
orthogonality integrals for the spherical harmonics. Using the coordinate 
system with z along the incident direction, and y along Ka A ｾ｢＠ the PWBA 
transition amplitude can be written as the product of two one dimensional 
Fourier transforms 
The angular dependence is then contained within the momentum transfers 
g 1 (a) and g 2 (e). 
The lack of range in momentum transfer implied by figure 4.3 suggests, 
via the properties of the Fourier transforms of equation 4-72 1 that the 
range of the function '":?;(r, ) is too long. The major difference between 
the 'cosh ' potential and a traditional Woods Saxon type of potential is 
that the tail of the 'cosh' potential is much longer. As a result of this 
we will employ a radial wave function obtained by using a Woods Saxon well 
to bind the triton to the Ｑ ｾ＠ 0 core. For comparative purposes the functions 
r,V(r,) ¢o (r,) for the 'cosh' and Woods Saxon wells are shown in appendix 
A, together with their Fourier transforms. 
It was recognised in section 4.2, in which the spectroscopic factors 
were introduced, that the cluster model does not offer a complete 
description for the two nuclei rq F and 31 P under consideration. The 
parameters for the Woods Saxon well, chosen to bind the clusters in the 
projectile were taken· as those of [ Ku 77 ]o These parameters, listed in 
appendix A, are conventional and make no attempt to reproduce the observed 
- - -- -----------------------: 
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properties of the 1q F nucleus. The radial wave function _¢a (r 
1
) obtained 
using a 'cosh' potential is slightly longer in range than that obtaiped 
with a Woods Saxon potentiale The largest effect on the range of the 
prOdUCt ¢ 0 ( r I ) V ( r I ) ariSeS from the potential itself e 
The potentials obtained from the folding procedure are not particularly 
sensitive to exact details of the radial components of the wave function. 
The folded potentials calculated with a radial function obtained from a 
Woods Saxon well are slightly shorter in range than those previously 
obtained using 'cosh' potentials. The elastic and coupled inelastic 
channels calculations were repeated using folded potentials obtained using 
Woods Saxon bound radial functions. The results, which will not be shown 
here, are essentially the same as those obtained using 'cosh' bound radial 
functionse There is however a slight reduction in the magnitude of the 
vector analysing power produced by the three channel calculation of about 4 
per cent. The phase of the oscillations in the calculated vector analysing 
power are unchanged, and the discussion of the earlier results for 'q F + 
lisi scattering are still valid. The reduction in the magnitude of the 
vector analysing power arises from a reduction in the magnitude of the 
effective spin orbit potential, caused in turn by a reduction in the range 
of the coupling potentials. 
A calculation to test the ranges used to perform the double integration 
over Ro. and R b was performed for the code 'IWOFNR. The calculation was 
performed with no Coulomb or distorting potentials present. The 
calculation was compared against a result obtained by evaluating equation 
4-72 numerically. The two calculations were in excellent agreement. 
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:L.A.4 Results. with . modified. entrance·. wavefunction 
Figures 4.6 to 4.8 show the results of calculations using the computer 
code TWOFNR [ Ki ] for the transfer reactions considered. The 
spectroscopic factors were obtained as before. The theoretical curves are 
now in much better agreement with the experimental data, in particular the 
fall off with increasing angle is reasonable. The phase and magnitude of 
the oscillations in the calculations and data however are not in agreement. 
It was precisely this problem of reproducing the observed phase that led 
[ Ku 77 ] to the suggestion that the data required a large spin orbit force 
in the entrance channel. The results presented in figures 4.6 to 4.8 
suggest that the models used to describe the reactions are reasonable. It 
is thus now appropriate to consider the effects of projectile excitation on 
the transfer cross sections. 
The spectroscopic factors9(bx:Ax) are much larger than those obtained 
with the cosh potential. This supports the arguments of section 4.5.1, 
since the smaller spectroscopic factor for the cosh potential suggests that 
the coupling between the entrance and exit channels is too strong. This in 
turn implies that the product "ernd ( r, ) ¢ ( r 1 ) is too long. The spectroscopic 
factors obtained here are very similar to those of [ Ku 77 ]. 
100 
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Figure 4.7 3/2+ DWB A transfer cross section . 
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Chapte·r . 5 .. 
:5..Ll Inclusion . of-. prpj ectile. excitation 
The purpose of this chapter is to combine the work of chapters 2 and 4, 
and to see whether the mechanism of projectile excitation can offer an 
explanation of the observed data. 
This may be acheived by allowing the folded potentials used in the 
entrance channel to induce transitions to the low lying inelastic 1qF 
states.. This is equivalent to allowing the distorting potentials in the 
entrance channel to become generalised distorting potentials. As in 
chapter 2 the inelastic transitions will be considered within the framework 
of coupled channels. The transitions between each of the rq F + 29Si 
channels considered and the exit channel will be treated as single step 
DWBA transitions. The whole problem will thus be solved by a coupled 
channels Born approximation, or CCBA, approach [ Pe 64, Ta 65bJTa 67, 
Du 68, As 69, Co 69, Ta 70, Ta 71, Ud 74 ]. It should be realised that the 
treatment is not simply a single step DWBA calculation with a modified 
distorting potential in the entrance channel including effective spin orbit 
forces defined by, for example, equation 3-20. Rather it is a sum of 
transitions between entrance partition states that are obtained as 
solutions of coupled channels calculations, and the final state under 
consideration. 
Due to computing restrictions it was only possible to perform CCBA 
calculations for transitions leading to the ground state 
3
'p ( 1/2-t-,0.0 MeV)+ '"'o final channel. 
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.2.s.:2. Derivation . of . the . CCBl\ 
Within the consistent framework of a cluster model description for the 
nuclei under consideration, and a folding model prescription for the 
generalised distorting potentials the CCBA can be derived in the same 
manner as the mBA. An ansatz wave function of the form 
is adopted, where the sum runs over all of the included entrance partition 
channels considered, including the elastic channel. Asymtotically the 
U c ＨｉＨｾ＠ ,R\.) behave as 
The asymtotic value of ｋｾ＠ is given by 
-f\ "2. K 2/ = -f\ 1.. {( :.. [ I 
2 fAA o. 2f-AA o. fl.. 
and I< b by equation 4-42, with Cr. = 0 • 
B 
- Q 
-.1. -" ｾ＠ ｾ＠
The ansatz wave ｦｵｮ｣ｴｩｯｮｾ＠ ＨｸｾＬｸｂＬｋｾＬｋ｢ＬｒｾＬｒ｢Ｉｳ｡ｴｩｳｦｩ･ｳ＠ the time 
independent Schr8dinger equation 
5-2 
5-3 
s-s 
5-6 
where the Hamiltonian can be written in the forms of equations 4-5 or 4-6. 
A set of coupled equations for the U((KL,Rt) are obtained by multiplying 
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eguation 5-6 to the left by a member of the expansion 5-l, and integrating 
over the corresponding internal coordinates. If N excited entrance 
partition states are included in the sum, the following N + 1 coupled 
equations are obtained. 
-= L I < p./ I v + v I A ,, > u ( T( I/ R ) 
A'' :x.A bA A'l A 01.. J o.. 
+ J ､Ｚ｣ａﾢａｾＨＺｸＺａＩＨｈＭｅＩ＠ ¢13 (x8 )U 8 (kb,Rb) 5-7 
[CE-Gt)-lb8 -<Bivb.x+ ｖ Ｖ ｾｾＮ＠ lB>] U8 (i(b,Rb) 
= Jct:x:B¢s*(:x:B')(H-E) II ¢A/(:x_A) UA'A rK,/, R,.) S-8 
The sum over A'' in equation 5-7 excludes the A''= A' term. The 
orthogonality of the ¢A<xA) has been used in obtaining equation 5-7. 
Changing the order of summation and integration in equation 5-8 leads to 
[(f-Q)-T613 - < Bl'{,"'+ ｾａｬｂ＾｝＠ U/f<b,Rb)-
L J d::c6 ¢/(H-E).¢A' (x".) ｕａＬＬＬｊｾ［＠ ,·(,; A! 
Formally solving this equation yields 
S-9 
u& ( Kb, R J== ｾｦｯｒＺ＠ G-cRb,R.b) ( d:x:B ¢13* (xg) ( 1-1-E)¢,..., (:x.A) u A'l K.;, R,_) 
A j' ｾＰ＠
where ｇＨｒｾＬｒ｢Ｉ＠ is given by equation 4-12. Using the asymptotic form of 
this Green's function equation 5-10 becomes 
ｾ＠ ｾ＠ ( _ f.J. ) e.. i Kb Rb J ｾ＠ (-J >\' ｾ＠ ｾ＠ｕｳｃｾＧ｢Ｌｒ｢Ｉ＠ =- J.lT;l. Rb ｾｾ＠ ､ｦ＼ｾ＠ d:x.B Xs (Kb,Rb) 
¢13* (:x8) (H-E) sz)A' (xA)UAIA ( (', i$_") 5-11 
----------------------------- --------- -
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"\/(-) * ｾ＠ ...t. 
where ｾ Ｖ＠ (Kb,Rb) was discussed in section 4.2. Comparing equations 5.11 
and 5.3 together with the definition of equation 4-17 leads to the 
identification of the transition amplitude, exact within the limitations of 
the ansatz wave function, as 
The two approximations that were used to define the DWBA transition 
amplitude may be used again. 
1) Neglect the term coupling the transfer channel back to any of the 
1q F>t + 20Si channels. 
2) Express the Hamiltonian in equation 5-12 in the form of equation 
4-6, and assume that equation 4-22 is valid. 
The first of these approximations replaces UA'A ＨｋｾＬｒｾＩ＠ by 
ｸｲｾ｜ＨｋｾＬｒｾＩＬ＠ which satisfy the coupled equations 
A. A 
which were discussed in chapter 2. 
5-13 
With these approximations the CCBA transition amplitude can be written 
as 
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This can be written as 
- T (/\ A 
- L ｾ＠ I Kb I< \ A' oA > "") 5-15 
that is as a sum of transitions between entrance partition states, and the 
final state. ｔ Ｖ ａＬＨｋ Ｐ ＬｋｾＩ＠ is given. by 
ｾａＬＨｋ｢ＬｋＬＮ［＠ =J ､ｒ｢､ｾＸ＠ x:)* ( ｋ｢ｬｾＩ＠ ¢8* (x.g) VJ_r,) r:jJA,(:x.,.) ｸｾａ＠ n<,)t.) 
5-16 
The inclusion of the inelastic excited states in the entrance partition 
thus has two main effects, in comparison with the DWBA formalism. 
1) The inclusion of two step reactions, passing via inelastic channels 
to the final state. 
2) The replacement of the distorted wave in the entrance channel by the 
solution of the coupled equations. 
The calculation is shown schematically in figure 5.1. From figure 3.7 
the cross sections for 1q F + 29Si obtained from single or coupled channels 
calculations differ very little. This however does not imply that the 
ｾｾ＠ v ＭＧｾ＠functions ｘｾａ＠ Ｈｋｇ｜ＬｒｾＩ＠ and I' A ＨｋｯＮＮＬｒｾＩ＠ are the same. The calculations for 
the elastic observables are sensitive only to the asymtotic behaviour of 
these functions. Although from the earlier results the functions are 
obviously similar in this region, there is no reason to suppose that this 
is true at the shorter radii that the transfer cross sections are sensitive 
to. 
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The integral can,. as before, be converted to an integration over the 
ｾ＠ ｾ＠
variables ｒｾ＠ and Rb. 
5 ... 17 
where the Jacobian J is defined in equation 4-32, and the spectroscopic 
factor e (bx:Ax) has been defined as the overall factor for the CCBA 
transitition, and again includes the combinatorial factors that arise from 
the explicit consideration of antisymmetisation of the nucleons. Equation 
5-17 offers a prescription for obtaining the transition amplitude using the 
CCBA. In principle the coupled channels scattering functions ｘｾＬａ＠ ｻｾ＠ ,R,), 
obtained by the techniques of chapter 2, and equation 5-15 can be used 
together with the explicit form of equation 4-59 shown in section 4.2.5 to 
solve the problem. The general scattering and bound state functions can 
now be labelled more explicitly in terms of their spin properties as 
,A. .A A A ｾ＠ ( Kb) ｋｾＩ＠ =- TM M ( J<b> ｫｾＩ＠
oA Ig) "Io.. 
5-18 
A A 
the T f-1\ M (Kb ,K<l) are given by 
Is l:..o.. 
where 
T A /\ - A /\ 
M M ( k,)c.a.)- T M.d. M ·M I M ( ki:)(J ｾ＠ Io.. B :t gJ ＢＧｾ＠ ｾｃａ＠ 5-19 
Exactly as in equation 4-33. The transition matrix this time is given by, 
5-20 
the analogue of equation 4-34. In order to solve this expression it is 
again convenient to reduce the six-dimensional integrals to sums over two 
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dimensional integrals by partial wave decompositions of the generalised 
distorted waves, and multipole decompositions of the nuclear matrix 
elements. The distorted waves are considered in section 5.2.1. With an 
obvious reinterpretation of the quantum numbers present, the decomposition 
of the nuclear matrix elements ＨＡｧｍｾＬｦｶｑＺｬＨＮＨｲ Ｑ＠ ) I ｉｾｍｾｑＮＩ＠ are given in sections 
4.2.2 to 4.2.4. The transition matrix of equation 5.20 is expressed, in 
partial wave form, in section 5.2.3. 
:5...2::.l. Partial·. wave·. decomwsition I of' I the I distorted I waves 
The decomposition of the distorted waves in the outgoing channel is 
. .:rb 
given by equation 4-40. The radial functions "'f.. ｌ｢ｸ Ｘ ｾｸＬＮＨｉ＼Ｌ＠ ,Rb) being the 
solutions of equations 4-41. The entrance channel scattering functions can 
be expanded over partial waves according to equation 2-19. Redefining the 
quantum labels that appear in that section of this work the expansion may 
be performed according to 
5-21 
where the sums run over Jo..,MJ"a. Ｌｌｾｌｾ＠ Ｌｍｌｾ｡ｮ､＠ ｍｌｾＮ＠
the radial equations 
The )(L'I'·L Ｈｋｾ＠ ,Ru.) satisfy 
0. o,l Q,I:o.. 
- L I v -:Jo. ( R \ X :To. ( l< I/ R. ) 
- L. I -r I • L ,, -r ,, ()., ) L If :z: ,, . L I 0. ) 0\, L ''I" o.. ＭｾＮＮ＠ o.. " 0\ ,J,.o.. o. <A. ) C\, o.. ｾ＠ ｾ＠
5-22 
The terms with I" = I' and L" = L' are excluded from the right hand side of ｾ＠ 01. "' CA. 
this expression. These equations can be solved by the numerical techniques 
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discussed in [ Bu 63, Ta 65 ]o 
-5 ,-2· . ·2 Partial· I wave·. decomposition . of· I tbe. T. mat-ri-x 
Using equations 5-20, 5-21 and 4-46 to 4-50 the transition matrix can 
be written as 
A /\ j(o1f'2. :t'+L +M I 
TM, M ·M ｾＯｋ｢ＬｋＬｽ＼ｊ･ＨｨＺｸＺａｸＩｬＨ＠ K IH ｾ＠ b ＺｲＮＮＨｉＺＮＮＭｍｾｔ Ｖ ｍｦ＠ \LM) 
':I'B ＧｉＮｾ＠ :ttk J:o. b <"- ｾ＠ 8 
( Lo.Mlc>.T"' Mip:_ M:r)l ｌｾ＠ ｍｾ＠ .. I; ｍｉｾ＠ [:Jo.M:r.) ( LbML?-8 -Mz8 IJbM:r) 
( L,Mt!b "IB -M:£/l;, M:r) JJ dR."'clR.6 R.b ｙＮＮｾＺｲｳｩ＠ L,Ta ( 1<0 ,Rb) ｨｾＺｾＬ＠ (r<.b,R"'-) 
JQ, y'?l' A Y* /\ ) ｑｾ＠ Y. L II.'· L J: ( k:.a./<o..) L ｾ＠ ( ｋｾＩ＠ ｌＮ｢ｾ＠ ( l< L 
G\. ｾＩ＠ 01. ｾ＠ t>..•-\Lo.. nL.b D 
where the unlabelled sum runs over LCli.,ML Ｌｌｾ＠ ,ML' ＬｉｾＬｊ｡ＮＬｍＺｲ＠ ,r.,ML ,ML' ,JL ＢＢｾ＠ 01. ｾｾ＠ b b ｾ＠
and ｍｾ｢Ｇ＠ the analogue of equation 4-59. The orthogonality integrals over 
the angles of ｒｾ＠ and 1i b present in the earlier expression having been 
explicitly performed. Although this expression is nearly identical in 
appearance with equation 4-59, the presence of the summation over rl 
implies that many more of the time consuming radial integrals are required 
for its evaluation. In this expression ｨｾ［ｌ［Ｇ＠ (Rb,RCl.) is given by 
2- I 
A 
equations 4-57 and 4-58. Adopting the coordinate system with z along ｋｾ＠
A 1\ 
and y along ｋｏｉＮｾｋ｢＠ to describe the reaction simplifies the angular 
dependence of this expression to 
The transition matrix for the CCBA calculation is thus completely 
defined. 
Coupled 
channels 
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Figure 5.1 Schematic representation of the 
CCBA calculations., 
.. ... . -- ---- ------------------------ - ----; 
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.5..Ll Results- of the CCBA calculations 
The matrix T BA' (9), and hence the observables for the CCBA reaction, 
were obtained using the computer code FRESCO [ Th ] • This is the only code 
available to the author capable of performing the CCBA calculations in the 
full exact finite range used to treat the DWBA steps of the reaction paths. 
The full CCBA results presented here are thus unchecked against any other 
code. As mentioned in section 3.1 the coupled channels calculations for 
the 19 F + 18 Si system were checked between FRESCO and CHUCK, and found to 
be in excellent agreement for the elastic and inelastic observables. The 
comparison between the two codes was actually performed using a full CCBA 
ｾ＠ ｾ＠
calculation in FRESCO, hence the scattering functions )( , (K ,R ) used in AA o.. ｾ＠
the CCBA calculation are in agreement with those obtained from CHUCK. 
The DWBA results presented in figures 4.3 to 4.7 were checked between 
the codes TWOFNR and FRESCO. The single step DWBA transitions may thus be 
believed. These checks represent the most thorough that the Author was 
able to perform. Figures 5.2 and 5.3 show the results of CCBA calculations 
leading to the 31 P(l/2+ g.s.) + 16 0 channel. Figure 5.2 is the result of 
a CCBA calculation including the ground and first excited states in the 
entrance 19 F + .2e Si partition. Figure 5.3 is the result using the ground 
and first two 19 F excited states in the entrance partition. The 
spectroscopic factors have been obtained, as before, by scaling the results 
to the experimental data at the first peak. 
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Figure 5.3 1/2+-CCBA transfer cross section with three 
c h a n n e l s i n 1 9 F -r 18S i p a r t i t i on . 
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:5...,& Discussion of- the CCBA results 
Repeating the CCBA calculations using 'cosh' potentials produces curves 
that are very similar to figure 4.3 , these will not be shown. The 'cosh' 
results will be ignored in any any further discussion. 
Comparing figures 5.2 and 5.3 to 4.6 two main features can be observed. 
1) There is a small, but significant effect produced by the inclusion 
of the excited states in the entrance partition, and 
2) The net effect is to reduce the magnitude of the oscillations in the 
predicted transfer cross sections, whilst leaving the fall off with 
increasing angle largely unchanged. 
The first feature is reasonable. Assuming the transfer between an 
excited Ｑ ｾ＠ F + ｾ Ｙ＠ Si channel to be comparable with that between the elastic 
and final channels, the two step contribution would be expected to be 
significantly smaller than the one step. This, of course, says nothing 
about the effect of replacing the entrance channel scattering function by 
the solution of the coupled equations. 
The second observed effect can be understood in terms of the 
'V ｾ＠ ,..::) 
replacement of the elastic scattering function "P.. ＨｋＨａＮＬｒｾＩ＠ by the 
ｾ＠ -l. 
solution of the coupled equations )l 1 ＨｋｾＬｒｾＩＮ＠ The results and ｾａ＠
discussion of chapter 3 indicate that the inclusion of the excited states 
. . . . ·-------------------------------------------. 
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produces an effective, complex, spin orbit potential in the entrance 
channel. The arguments of the following section will show that the 
reduction in magnitude of the oscillations in the observed transfer cross 
section are consistent with the inclusion of a spin orbit force in the 
entrance channel. 
Since only L = 0 transfers are being considered in this section of the 
work the semiclassical arguments of section 3.3 can be used to infer that 
the two step transition, passing through the entrance partition excited 
channel, introduces spin dependence into the reaction path. The final 
state shown in figures 3. 8 and 3. 9 can be viewed as the residual lt.. 0 + 11 P 
channel, rather than the elastic entrance channel. The arguments of 
section 3.3 then follow, and the reaction path becomes spin dependent. 
There are some differences from the case in which the final channel is the 
elastic one however. In particular the coupling from to the final state is 
caused by matrix elements of the form of equation 4-46, rather than 
equation 2-92. Although coupling via the former are weaker the arguments 
still follow. The induced spin dependence would however be expected to be 
reduced in comparison to the case in which the final channel is the elastic 
one. 
It is the presence of spin dependence produced within this reaction 
path that makes it necessary to perform the full CCBA calculation rather 
than, say, fitting phenomological spin dependent optical potentials to the 
ｾ＠ ..... ...\ 
coupled channels results in order to obtain a ')(. (K ,R ) that resembles the A. Q. ｾ＠
..,\, ..... XA (K ,R ). For the sake of simplicity the arguments of the next section 
ＬＮＮｾ＠ C).. CJ.. 
assume that the effect produced by the inclusion of the entrance partition 
inelastic channels is simply spin dependence in the entrance channel. The 
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spin dependence arising from the passage through the inelastic channel to 
the final residual transfer channel being included in the overall effective 
spin orbit potential acting in the entrance channelo 
5 ,·4-.1 Effect. of . a . spin. orbit· . force·. on. the. t-r·ansfer. cross·. section 
The oscillatory nature of the observed transfer cross section can be 
understood in terms of nearside/farside interference, in analogy with the 
discussion of section 3.5 [ St 73 ]o In principle the decomposition for 
the transfer cross section can be made by replacing the PLM (cos(6)) of 
equation 5-24 by the ､ｾｊ＠ (cos(9)) discussed in section 3.5. However the 
L.M 
identification in terms of orbits is not so clear [ Jo 85, To 85 ]o To 
avoid pedantic discussion handwaving arguments will be used to describe to 
describe the transfer cross section in nearside/farside terms [ Fr 74, 
Sh 7 4 > To 85] . 
From figure 3.11 the transfer reaction can be viewed as occuring in 
three stepso 1) The interacting entrance partition nuclei moving along 
orbits, on either side of the target nucleus. 2) The transfer of the inert 
triton cluster between the participating nuclei. 3) The outgoing nuclei 
travelling along orbits on either side of the residual nucleus. The 
outgoing orbits will differ from the entrance ones, for a given side, 
because of the different charge distributions and distorting potentials 
acting in the two channels, and the different energies due to the Q value 
of the reaction. 
Just as in the elastic case the passage, particularly along orbits 
close enough that the transfer can occur, is altered between the two sides 
------------------------------------------------------------------------· - - - -
.. -----------------------------
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for a particular spin orientation. The phase of the two waves differs 
depending upon which side of the nucleus they have travelled. So that when 
they remeet along the detection direction the cancellation and 
reinforcement is less pronounced. Figures 5.2 and 5.3 are consistent with 
these arguments. The results for the elastic observables indicating that 
the two channel calculation produces the largest effective spin orbit 
forcev consistent with the smallest oscillations in the corresponding 
transfer calculation. These arguments are in agreement with the finding 
of, for example [ Ba 78 ] , that the depths of the transfer cross 
oscillations are sensitive to details of the entrance channel spin orbit 
potential. 
5..5. ｾｲｩｳｯｮＮ＠ with-. earlier·. calculations 
One of the motivations for performing the CCBA calculation was the 
suggestion [ Ku 77 ] that the transfer reactions considered required a 
large spin orbit force in the entrance channel in order to reproduce the 
the experimental data. A feature of the these earlier calculations is the 
central optical potentials used to obtain the distorted waves in the.· 
entrance and exit channels. These potentials are listed in appendix B for 
reference. The two sets A and B correspond to the spin independent and 
spin dependent sets of Kubono et al. respectively. 
A striking feature of these potentials, apart from the large spin orbit 
potential in the entrance channel, is the different nature of the exit 
channel potentials. Set B has an imaginary component that is very short 
ranged, that is set B is an example of a surface transparent optical 
potential [ Ba 75]. This surface transparency allows the far side waves to 
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travel around the residual nucleus without too much absorption, leading to 
large interference effects in the predicted cross section. As was 
discussed in section 5.4.1 a spin orbit potential has the effect of damping 
any oscillations that occur between the two branches. It is thus the 
author's belief that the most significant feature of the optical potentials 
previously used to describe these reactions is the surface transparent 
nature of the exit potentials. The large spin orbit potential is 
nescessary only to damp the unacceptably large oscillations that occur when 
these potentials are used. These arguments have been borne out by 
calculations, which will not be presented here since they do no fit within 
the consistent framework of folding model calculations. 
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Chapte·r· I 6 
.6.al. Conclus ionp-. 
The fundamental objective of this thesis was to explore the spin 
dependent effects of projectile excitation in nuclear heavy ion reactions. 
Earlier work [ Ni 84 ] had shown that the inclusion of inelastic projectile 
excited channels could explain differences in the observed vector 
analysing powers for the elastic scattering of 'Li and 1 Li from S'B Ni at 
about 20 MeV. This reference employed cluster model descriptions for the 
lithium nuclei, and included the projectile excited states via coupled 
channels calculations with all interactions being obtained from a single 
folding model .. 
These models have been applied consistently in this present work to 
study a variety of heavy ion induced nuclear reactions. The work presented 
here may be considered to fall into two main categories. 1). The 
description of the elastic and inelastic observables. 2). The analysis of 
the transfer reactions considered. These categories will be considered 
below individually • 
.u....:2. Elastic I and . inelastic . calculations 
The models previously employed [ Ni 84 ] were first applied to the 
scattering of 'Li from two lighter targets at an increased energy, 22.80 
MeV. The decrease in the charge number of the target nuclei, and the 
increase in the scattering energy, make the present calculations more 
sensitive to details of the participating nuclei and the interactions 
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between them than the earlier calculations. 
In contradiction to the original analysis of f,Li +16o and 0Li +28si 
elastic scattering [ We 76 ] it was seen that the folded spin orbit 
potential was unable, within a consistent model, to reproduce the 
experimental vector analysing powers. The analysing powers for the elastic 
scattering of 6Li were seen to be dominated by the effective spin 
dependence induced by the inclusion of the low lying projectile excited 
states. 
The 7 Li + 110 Sn at 44.00 MeV results are in agreement with this 
finding1 again projectile excitation plays an important role in 
reproducing the trends of the experimental spin dependent observables for 
the elastic scattering. The gross features of the inelastic 
7 Li ＨＱＯＲＭＬｅ･ｾ＠ =0.48 MeV) cross section and analysing power are reproduced 
well by the models employed, although the magnitude of the inelastic cross 
section is smaller than the experimental data by a factor of about two. 
The analysis given here considers excitation to arise only from nuclear 
coupling terms. Coulomb excitation may provide an explanation of the 
"missing" cross section, particularly in light of the discussion of section 
4.2 0 Coulomb excitation was not considered due to the problems involved 
in handling the infinite ranged coupling potentials [ Lo 83 ]. It should 
however be realised that the inclusion of Coulomb excitation may well 
enhance the effective spin dependence, and that the elastic results might 
not be reproduced so well if it were included. 
The 19 F +26si results for scattering at 60.00 MeV show that the models 
used at lower energies with lighter projectiles are still applicable for 
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this system. The induced spin orbit effect is reduced in comparison with 
the lighter systems however. This is in accordance with the expectation 
that the magnitude of the induced spin dependent effects would decrease as 
the center of mass scattering energy becomes much larger than the 
excitation energies of the states considered. 
Overall projectile excitation is clearly an important part of the 
reaction mechanism, and is applicable for a variety of situations in which 
the projectile is well described in terms of a cluster modelo 
:6.a.J_ Transfer . calculations 
The predicted spin dependence produced by the projectile excitation 
mechanism for the Ｇｾ＠ F+29si system provides an opportunity to test the 
hypothesis [ Ku 77 ] that the data from the 29 Si ( l9 F, I(? 0) ::uP reactions 
require a large spin orbit potential in the entrance channel. The results 
of chapters 4 and 5 suggest that this hypothesis may not be true. The 
arguments presented in those chapters suggest that the data may be 
sensitive to exit channel effects, rather than entrance channel ones. 
The results of chapter 5 do however indicate that the inclusion of 
projectile excitation produces a spin dependent effect on the transfer 
cross section. The agreement with the experimental data analysed here is 
not improved by the inclusion of projectile excitation however. 
As experimental techniques, particularly the production of polarised 
heavy ion beams, continues to improve spin dependent transfer data should 
become available. Such data will then provide a sensitive test of the 
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induced spin dependence caused by inelastic events in the entrance channel. 
ｾ＠ Suggestions . for . future. work 
The folding model DWBA calculations agree fairly well with those 
obtained using set A of appendix B. This is quite significant since, apart 
from the arbitary choice of parameters chosen to bind the triton to the 16 o 
and 28 si cores, these are essentially parameter free calculations. 
Differences are observed upon examining the spectra of the two nuclei 
19 F and 3l P. l9 F exhibits a well defined cluster structure, the excited 
states with ｉｾ＠ = ＵＯＲｾＬ＠ 3/2+ have eigen energies which are reasonable if 
they are viewed as members of a spin orbit split doublet, with 1 = 2. The 
spectrum of 31 P however is different, in particular the two excited states, 
5/2 + and 3/2-r are inverted with respect to 19 F. It is known that 28 Si, 
although 0t in its ground state, is a well deformed nucleus [ SW 69, Ho ＷＱｾ＠
Re 72, I<o 84 ] • 
These facts, together with the closing remarks of section 5.4.2 lead to 
the suggestion that the problem in reproducing the phase of the transfer 
cross section data lies not in the entrance channel, but rather in the exit 
channel. 
A possible calculation to test this hypothosis would be a CCBA 
calculation, including the first two excited states in the exit partition, 
together with a better model for the residual 3\ P nucleus. 
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Appendix .A 
This appendix defines the functional forms of the potentials used 
throughout the preceding work, and gives the radial forms of the nuclear 
states considered. Within the literature there exist varying definitions 
for these potentials. The parameters listed in this appendix, and appendix 
B, are consistent with the definitions given below. In some cases the 
parameters have been adjusted from their original published values due to 
the differing definitions. All potential depths V0 are in MeV, and radius 
parameters r0 , a 0 and Rc are in fm. 
The Coulomb potential between two charged spherical bodies is taken as 
V (r) 
<:. 
::. 
1 
--z,-z.-ae 
r 
Ｍｺｾｾ［ｾｬ＠ [ ｾ＠ _ (;JL] r>R c. ａｾ＠ a A-1b 
where z 1 and Z 2 are the number of protons in each of the nuclei, e is the 
proton charge and R is the charge radius, often chosen to be approximately 
ＱＮＲＵａｾ＠ , where A is the mass number of the heavier nucleus. 
The short ranged nuclear potentials used throughout the preceding work 
are defined as 
Woods Saxon (WS) 
V(r)-= 
-1 
- Vo [I -t ･Ｎｾｰ＠ [ ( r- ro F'-11& )/ a..J] A-2 
Woods Saxon Derivative {WSD) 
- ----- - - ---------------------: 
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Thomas spin orbit (TSO) 
V(,.-)=- ｾＮ＠ V0 QXp[(r40 A113 )/ao] [1+ exp((r-roA113 )/a.JJ7. A-4 
Cosh (CO) 
V( r) -- - Vo [l -r ｣ｯｳｾ＠ ( ro / O.o) J 
cosh ( r I a 0 ) + cosh ( r; ｉｾ＠ o ) 
Cosh spin orbit (CSO) 
V( r) ,;V. s.A-9-. ( r la.o) [I+ cosh. ( r0 / O.o )] 
[Cosh ( r /O-J -+ cosh. ( r 0 / o. o )J 1 
A-5 
A-6 
Table Al lists the parameters that were used to define the potentials 
that bind the radial parts of the inter cluster wave functions for the 
nuclear states considered. An asterix denotes that the nuclear state is 
resonant, rather than bound, the 'separation' energy in this case is the 
scattering energy. All spin orbit depths and potential geometries are 
fixed, the depths V0 are obtained as variational parameters. 
Table Al 
Nucleus State Potl. Sep.energy Vo ro ao Re 
6 Li + 1.197 1.9 1 (gs) ws 1.47 77.34 0.65 
6 Li ＳｾＲｾＱＫ＠ (*) ws 0.71 121.77 1.197 0.65 1.9 
TSO 2.50 1.197 0.65 
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Nucleus State Pot1. Sep .. energy Vo ro ao R c 
iLi 3/2 (gs) ws 2.47 93.46 1.291 0.7 2.05 
TSO 
7Li 1/2- ws 1.99 94 .. 36 1.291 0.7 2.05 
TSO 2 .. 50 1.291 0.7 
'7Li 7/2 ,5/2 (*) ws 1.16 110.08 1.291 0.7 2.05 
TSO 2.50 1.291 0.7 
11 F + 1/2 (gs) co 11.73 116.09 2.0 1.3 3.78 
cso 2.50 2.0 1 .. 3 
'' F 5/2+ co 11.53 117.09 2.0 1.3 3. 78 
cso 2.50 2.0 1.3 
''F 3/2+ co 10.18 117.,55 2.0 1.3 3. 78 
cso 2.50 2.0 1.3 
I?F + 1/2 (gs) ws 11.73 116.15 1 .. 25 0.65 3.15 
TSO 2 .. 50 1.25 0.65 
''F 5/2+ ws 11 .. 53 114.67 1.25 0.65 3.15 
TSO 2.5 1.25 0.65 
I?F 3/2+ ws 10.18 115.80 1.25 0.65 3.15 
TSO 2.50 1.25 0.65 
8l p 1/2 -t' ws 16.41 96.51 1.25 0.65 3.79 
TSO 2.50 1 .. 25 0.65 
31p 3/2-r ws 15.,14 92.20 1.25 0.65 3.79 
TSO 2.50 1.25 0.65 
31 p 5/2+ ws 87.97 1.25 0.65 3.79 
TSO 14.18 2.50 1.25 0.65 
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The radial forms of the functions rO((r) are shown in the following 
figures. 
Figure A.l.l shows the ground state radial function for 6 Li obtained 
with the parameters listed above. Figures A.l.2 and A.l.3 show the radial 
function taken to represent the three 'Li excited resonance states. A.l.2 
shows the obtained resonance function and A.l.3 the radial function after 
matching to a decaying exponential tail. The wave functions are normalised 
to unity. Figure A.2.1 shows the ground state radial function, and figure 
A.2.2 the first excited state radial function of 7 Li. Figures A.2.3 and 
A.2.4 show the resonant 7Li radial functions, before and after matching to 
a decaying exponential tail. Figures A.3.1, A.3.2 and A.3.3 show the 
ground, first and second excited state radial functions of 17 F, obtained 
using the cosh potentials. Figures A.4.1 and A.4.2 show the product 
r00 (r)v8. (r) for cosh and Woods Saxon binding potentials respectively. •nd 
Figures A.4.3 and A.4.4 show their Fourier transforms, defined by equation 
4-72, respectively. 
Finally figure A.l.4 shows the ground state radial function for 31 P. 
2 4 b 8 
A .1.1 
'I \ 
tl ｾ＠
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Ap,pendix .B 
The parameters that serve to define the cluster-target potentials, 
which are treated as inputs for the folding model code discussed in 
appendix c, are tabulated in this appendix. The functional forms are 
defined in appendix A. Due to the differing definitions for the radial 
dependences the values tabulated below differ in some cases from those 
found in the original references. 
Table B 
Projectile Target Scatt. POtential 
d 
d 
d 
o( 
()(. 
d 
d 
d 
((,0 
'"o 
ｾ＠ Si 
'lB Si 
28Si 
energy type 
8.0 
8.0 
8.0 
15.2 
15.2 
11.8 
11.8 
11.8 
R WS 
I WSD 
SO TSO 
R ws 
I WSD 
R ws 
I WSD 
SO TSO 
Ref. 
112.1 1.012 0.713 Ko 71 
91.36 1.873 0.618 Ko 71 
8.26 0.991 0.377 Ko 71 
150.0 1.87 0.5 Me 67 
80.0 1.87 0.5 Me 67 
108.2 1.07 0.858 wu 74 
83.2 1.488 0.535 Wu 74 
12.0 0.955 0.5 wu 74 
Projectile 
o( 
ol.. 
t 
t 
t 
t 
t 
t 
t {A) 
t (A) 
Target 
28 Si 
2.8 Si 
28 Si 
l8 Si 
:z.a Si 
lS Si 
28 Si 
l"l.O Sn 
r.a.o Sn 
t2.o Sn 
J:.to Sn 
llO Sn 
Scatt. 
energy 
15.7 
15.7 
9.5 
9.5 
9.5 
50.5 
50.5 
24.7 
24.7 
6.8 
6.8 
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Potential 
type 
R ws 
I ws 
R ws 
I ws 
SO TSO 
R WS 
I WS 
R WS 
I WS 
SO TSO 
R WS 
I WS 
R WS 
I WS 
Vo ro ao Ref. 
165 .. 0 1.45 0.52 Gr 70 
19.0 1.45 0 .. 52 Gr 70 
160 .. 0 1.07 0.72 Sc 82 
37.0 1.35 0.88 Sc 82 
10.0 0.85 0.85 Sc 82 
27.0 2.425 0.46 Sh 78 
11.66 2.145 0.238 Sh 78 
151.5 1.2 
14.5 1.6 
8.0 1.1 
0.66 Ha 80 
1.0 Ha 80 
0.8 Ha 80 
219.3 1.395 0.549 Fa 66 
31.,8 1.395 0.549 Fa 66 
68.0 1.5 
16.0 1.5 
0.6 
0.6 
PU 64 
PU 64 
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Projectile Target Scatt. Potential 
energy type 
t (B) 
t (B) 
ｬｾ＠ F (A) 
\C} F (A) 
\? F (B) 
Ｑ ｾ＠ F (B) 
I? F (B) 
lB Si 
28 si 
l8 Si 
6.8 
6 .. 8 
60 .. 0 
60.0 
60.0 
60.0 
60 .. 0 
R WS 
I WS 
R WS 
I WS 
R WS 
I WS 
SO TSO 
ro a o Ref. 
100 .. 41 1.415 0 .. 557 Athree 
55.69 1.254 0.444 Athree 
25.5 2.42 0.56 Ku 77 
48.1 1 .. 99 0 .. 67 Ku 77 
28.9 2.61 0.44 Ku 77 
16.3 1.92 0.80 Ku 77 
3.0 2.54 0.40 Ku 77 
The optical potential between the triton and ''o in set B was obtained 
using the search code ATHREE. Figure B.l shows the result of an elastic 
calculation using this potential set. The data points, which were used as 
input to the search code, were obtained using set A from [ Pu 64 ]. 
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30 60 90 
Figure 8.1 Comparison of optical potential sets A and 8 
for the elastic reactions of a t from '(oo. 
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Ap,pendix.C 
The folding model potentials, given by equations 2-86, 2-87 for the 1 = 
0 cases, and 2-88 to 2-90 for the 1 = 1 case, were obtained using a Fortran 
computer code, as were the coupling potentials, defined by equation ＲＭＹＲｾ＠
The .folding was performed in coordinate space. In coordinate space the 
evaluation of the folded potentials requires the performance of a double 
integral for each of the resultant potential points required. The 
. ｾ＠
integrations are over the angle between the vectors R and t of figure 2.1, 
and over the radial coordinate r. The integration over the angle btween R 
and r was performed by using a Gaussian integration method [ Ab 70 ] , since 
this is particularly appropriate for integrals bounded in the domain -1 to 
1. The number of terms in the expansion was varied to ensure convergence 
of the integral. The weights and abscissas for the integration were taken 
from [ Ab 70 ] • The integration over the radial variable r was performed 
using Simpson's rule, again the number of steps was varied in order to 
ensure convergence of the integrals. Although fairly inefficient, 
Simpson's rule offers an accurate prescription for evaluating integrals, 
provided that a sufficiently large number of steps are ｵｳ･､ｾ＠ The 
University of Surrey computing unit possesses a powerful FPS120 B array 
processor, hence the integrations could be performed with a large number of 
steps. Accuracy, rather than efficiency, was strived for. 
A variety of checks were performed upon the folding codes. The folded 
potentials obtained for the " Li + 28 Si system were checked against another 
folding program [ Ni 84 ] which used a Gaussian expansion technique 
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[ Pa 75, Ka 77 ] to perform the integrations. The results were found to be 
in good agreement. 
The results were also tested explicitly. ...l. B¥ integrating over dR in, 
for example, equation 2-86 the following relation can be obtained 
NcR) ｒＧｾＭ dR "' f'I\G2 + ｦ｜Ｑｾ＠ ]r+t ¢(r)J'l dr +- r x: V(::x..,)dXtr T 1 x:vcxJdxc j V.O<.)Rt dQ (fY\c+fY\v)1j r 1 /¢CrW dr f ｘｾ＠ V(:x.")dXv f x: V(Xc. )d X, 
This check was performed for all of the central projectile-target 
potentials obtained from the program, as a matter of course. Excellent 
agreement, usually to better than six significant figures, was obtained. 
A similar check can be performed for the k = 2 multipole terms [ Sa 62, 
Ma 75, Ma 77, Sa 79] 
(-1 
ｊｒＮ Ｔ ｾＨｒＩ､ｒ＠ --jr-21 ucrw ｡ｴｾｾｾｓｦｸＺｶ｣ｸ･Ｉ､ｸＬＮ＠ Ｋｦｭ［ｾｓｊｸ［ｶＨｸｶ｜､ｸＬｪ＠
C-2 
Examples of the k = 2 multipole terms were checked, again excellent 
agreement was obtained. 
Some examples of the folded potentials are given in the following 
figures. Figures C.l.l to C.l.3 show the folded potentials for 'Li 
scattering from 1'o, the curves are for real, imaginary and spin orbit 
potentials respectively. Figures C.2.1 to C.2.3 show the real, imaginary 
and spin orbit potentials for 'Li scattering from lB Si. Figures C.3.1 to 
C.3.3 again show the real, imaginary and spin orbit potentials between I? F 
and J 8si. The real and imaginary potentials between '6 o and 31 P, acting in 
the outgoing channel in the DWBA and CCBA calculations are shown in figures 
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c.l.4 and C.2.4 respectively. Figures C.4.1 to C.4.3 show the potentials 
between 1 Li and 110Sn. The curves correspond to real, imaginary, and spin 
orbit potentials, acting in the ground state. Figure Bo4.4 shows a real 
1r -k = 4 potential, acting within the resonant I = 7/2 channel. The 
corresponding imaginary k = 4 term is very similar, although reduced in 
magnitude. Figures c.S.l and C.5.2 show the real and imaginary k = 2 
terms, acting in the ground state I-,r= 3/2- channel between 7 Li and 1l.0 Sn. 
Figures C.5.3 and C.5.4 show real and imaginary k = 2 terms ｾｨ｡ｴ＠ couple the 
ground and ｾ･｣ｯｮ､Ｌ＠ I -,r = 7/2-, excited states of 1 Li. They are very 
similar in appearance to the k = 2 terms that act in the ground state. 
Apart from the obvious fact that they are opposite in sign, two interesting 
features can be seen by considering these curves. The first is that the 
radial dependence of the imaginary potentials· are almost equal, but the 
magnitude of the coupling potential is slightly reduced. This is because 
the overlap of the radial functions in the ground state is unity, and 
slightly reduced for the coupling terms. The second interesting feature is 
that the real terms show the same trend. This confirms that the real k = 2 
term in the ground state is dominated by the component arising from the 
central term, rather than the spin orbit ones. 
The shapes of the k = 2 and k = 4 terms shown in the last set of 
figures is typical of those that arise from all of the calculations. 
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bwendix .D 
The coupled channels results presented in chapter three were obtained 
using the computer code CHUCK3 [ Co ] • Although the code was originally 
written for target excitation, it can perform inelastic projectile 
excitation calculations by the careful interpretation of the angular 
momenta present. Inelastic projectile channels can be included by the use 
of the ICODE = 3 option. 
The matrix elements resp:>nsible for coupling between, and within, the 
channels are given by equations 2-91 and 2-92. The computer code 
calculates some, but not all, of the angular momentum coefficients present 
in equation 2-92. Writing the coupling potentials, according to equation 
2-91, as 
(J"(L'I 1 ) M:riV(R.r)/J(LI)M:r>-=;1. V-:rk. (R) 0-1 
R 1-'I j L. 'I' 
:::JR 
The V , {R) can be written, in accordance with the program code 
L'I.i t.. :t' 
documentation, as 
D-3 
Equation 10 of the computer code documentation has been used, with I A = 0, 
I'b = 0, and j =0, with 1 = s = k. [ ｾ｝＠ and [ r] are the intrinsic parities 
of the nuclear states. Equation 2-92 can be rewritten in the factored form 
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-:Jk [ t_l-t.. -tJ.' .. J. I' I' ) ｊＢＭＱＭｾＺｲＮＮＧ＠ I V (R)== (\.,) L 1:C W{LL1I.I 1• kJ' (-) (Loko I Lo) 
L"'I · L'I' 1 ) 
,J l+ v] [-I: 1$. 3 (- )-x-s-J2 w (.fl.' J. :r' Ij ks) i' ( J...' o k o I ｾ＠ o) J wk. ( R) 
1 J4-1f 0-4 
The term inside the square brackets is calculated automatically within the 
code. The term inside the round brackets can then be identified with the 
factor (3p_ introduced in equation D-2. The code thus requires as inputs 
the factor ｾａ＠ and the form factor w ll. (R) , calculated by the code discussed 
in appendix C, in order to perform the coupled channels calculations. 
The definition of ｾｾ＠ given in equation D-4 has been obtained 
consistently using the definitions of phases provided in the CBUCK3 
documentation. However, due to a possible problem with phases within the 
code the negative of this quantity is required, and hence ［＿ｾ＠ is defined as 
/\ I /' 3 -:t- S- }1. ( I I k ) 1t ( fl /_ h l J/. \ I- J<. (-) W Q. J.I :r.; s Jl- x. 01<.D 0 J 
ｊｾｬｦ＠ 0-5 
As was mentioned in section 3.1, these coupling factors ｪ＿ｾ＠ have been 
checked by comparing outputs of CBUCK3 with those produced by using the 
code LINA [ Tu ] • These calculations clearly showed that the coupling 
coefficients are given by equation D-5, rather than D-4. 
----------------------------------
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AQpendix 'E 
The nearside farside decomposition considered in section 3.5 was 
performed by modifying the subroutine XSECT of the computer code CBUCK3. 
The regular solutions of Legendre's equation, the PLM (cos(e)) are already 
utilised in this program. The phase convention differs to that used in 
section 3.5. The ｑＨｾＩ＠ (cos(S)) were constructed according to equation 
LM 
3-29, as 
(±) ] Q (cos(e)) :: _I_ [ p (cos(e)) * Ｒｾ＠ Q (cos (e)) 
LM 2. LM lf LM 
E-1 
the phase of the resulting ｑｾ＠ (cos (8)) was then converted in order to be 
consistent with the internal definitions of CBOCK3. The ｑｾｍ＠ (cos(9)) were 
checked against tabulated values [ Ab Ｗｾ＠ ] for a variety of L and M values. 
The functions were obtained by using explicit forms for the QLM(cos(G)) for 
L = ｾ＠ and L = 1, and using a recursion relation to define the 
Q (cos(9)) for succesive L values. 
LM 
The nearside farside decomposition for the Coulomb amplitude was 
performed according to equations 3-33 to 3-35. An explicit formula for the 
hypergeometric function F( 1 ,l+i'l , sin 2 (9/2) ) given in [ Ab 70 ] was 
used, and the obtained values were checked against those tabulated within 
this reference, for a range of arguments. The formula involves the 
summation of an infinite number of terms. In practice a conditional test 
was performed within the summation loop, and the proceedure was assumed to 
have converged when the addition of another term affected only the sixth 
significant figure, or lower. The function requires many terms for small e 
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values, particularly for large ? values, but converges very rapidly for e 
values larger than, say, 20°o 
The subroutine XSECT, in which the modifications were performed, is the 
last step in the calculations of the elastic and inelastic observables. 
Therefore any errors introduced in this subroutine should only affect the 
final results to approximately the same extento 
The overall implementation of the decomposition was checked by 
comparing the results obtained using the modified code with some previously 
published results [ Fu 75a,b, Bu 84 ]. The comparison could only be made 
by comparing the trends of the calculated nearside and farside curves 
against the published graphs. There was agreement between the trends 
produced by the modified version of CBOCK3 and the previously published 
work. The earlier work only considered the elastic scattering of spin zero 
particles, and hence strictly the check is only valid for M = 0. Despite 
this the agreement between these curves, and the explicit numerical checks 
of the functions QLM (cos(9)) and 8(9), suggest that the decomposition has 
been correctly implemented. 
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